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ABSTRACT 

ABSTRACT 

Neurofibromatosis type 1 (NF1) is an autosomal dominant genetic disease resulting from 

inactivating mutations in the gene encoding the protein neurofibromin. NF1 manifests itself 

as a heritable susceptibility to tumors of neural tissue, which are mainly located in the skin 

such as neurofibromas, and Café-au-lait spots (pigmented skin lesions). Besides these more 

common clinical manifestations, many NF1 patients – around 50% – have abnormalities of 

the skeleton. Long bones - usually the tibia - are often affected, and the clinical signs range 

from tibial bowing to spontaneous fractures and even non-unions. Therefore, further 

analysis of cellular and molecular events throughout the healing process would eventually 

contribute to therapeutic attempts in the clinic. Moreover, NF1 mice models could provide 

the understanding of the cell types involved in the resulting non-union and their behavior. 

This study analyzed the healing progress of femur fractures in a model of NF1 long bone 

dysplasia - an Nf1Prx1 knockout mice model. This established mice model used a Prx1 -Cre-

flox system to inactivate conditionally both copies of the Nf1 gene in the limb bud 

mesenchyme. Fracture callus in 8-week old mice, was assessed at days 7, 10, 14, and 21 by 

µCT, histology, biomechanics, and molecular analyses. In accordance with the previously 

reported results of cortical bone injury on the same mice model (Kolanczyk, et al., 2008); 

bone healing was impaired in Nf1Prx1 mice femoral fracture. Results revealed increased 

periosteal bone deposition at the early stages of healing, decreased but persistent cartilage 

formation concomitant with fibrous tissue accumulation within the fracture site, decreased 

torsional stiffness, decreased bone mineral density, and increased fibrous tissue infiltration 

in the callus of mutant mice. This fibrous tissue accumulation hindered bone fracture 

healing, and was deposited by alpha smooth muscle actin-positive myofibroblasts, which 

were derived from a yet unidentified muscle fascia. This is further supported by the 

microarray analysis of callus tissues showing that genes crucial to muscle cells physiology, 

proliferation and differentiation were affected. In addition, extracellular matrix related genes 

were up-regulated in the mutants. In summary, this study shows a resemblance in the 

healing progression to the Nf1Prx1 mice model and NF1 patients, thereby, confirming the 

suitability of this mice model to explore the mechanism by which mutations in NF1 lead to 

non-unions. Moreover, in vitro and in vivo pilot assessments of MEK inhibitor treatment 

demonstrated a potential remedy for the lack of neurofibromin in bone healing.
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ZUSAMMENFASSUNG 

ZUSAMMENFASSUNG 

Neurofibromatose Typ 1 (NF1) ist eine autosomal dominante Erbkrankheit, die durch 

inaktivierende Mutationen im Neurofibromin-Gen verursacht wird. NF1 manifestiert sich 

durch eine erhöhte Tumor-Inzidenz des neuralen Gewebes in der Haut (Neurofibroma) und 

pigmentierten Hautflecken. Neben diesen häufigeren klinischen Manifestationen haben rund 

50% der NF1-Patienten Skelett-Anomalien. Häufiger sind Röhrenknochen betroffen, in der 

Regel die Tibia, und die klinischen Symptome reichen von Tibia-Krümmung über 

Spontanfrakturen bis hin zu Nonunions. Diese Studie analysiert den Heilungsverlauf von 

Femurfrakturen in Nf1Prx1-Knock-out-Mäusen, einem Mausmodell der NF1-

Röhrenknochendysplasie. In diesem etablierten Mausmodell werden beide Kopien des NF1-

Gens spezifisch mit Hillfe eines Prx1-abhängigen Cre-flox-Systems innerhalb der 

mesenchymalen Gliedmaßenknospen inaktiviert. Der Frakturkallus von acht Wochen alten 

Mäusen wurde an den Tagen 7, 10, 14 und 21 durch µCT, Histologie und molekulare 

Analysen evaluiert. Ähnlich wie in einer früheren Studie im gleichen Mausmodell 

(Kolanzcyk, et al., 2008), haben µCT und histologische Analysen eine beeinträchtigte 

Knochenheilung in Nf1Prx1-Mäusen gezeigt. Eine erhöhte periostale Knochenbildung in den 

frühen Stadien der Heilung war zu beobachten, sowie eine reduzierte, aber anhaltende 

Knorpelbildung und Bindegewebs-Akkumulation innerhalb der Fraktur. Desweiteren war 

die Torsionssteifigkeit und die Knochendichte verringert, wohingegen die Bindegewebs-

Infiltration im Kallus von Nf1Prx1-Mäusen erhöht war. Wir konnten zeigen, dass der 

normalen Heilungsprozess durch dieses Bindegewebe behindert wird, welches durch alpha 

smooth muscle actin-positive Myofibroblasten gebildet wird, die ihrerseits aus einer bisher 

noch nicht identifizierten Muskelfaszie abgeleitet sind. Dieser Zusammenhang wird durch 

eine Microarray-Analyse der Kallus-Gewebe bestätigt, die ergab, dass durch den Knock-Out 

Gene reguliert wurden, die in Physiologie, Proliferation und Differenzierung von 

Muskelzellen involviert sind. Darüber hinaus waren extrazelluläre-Matrix-Gene in den 

Mutanten hoch regeuliert. Zusammenfassend konnten wir zeigen, dass eine Ähnlichkeit des 

Heilungsverlauf zwischen dem Nf1Prx1-Mausmodell und NF1-Patienten besteht. Folglich 

kann an diesem Mausmodell untersucht werden, durch welche Mechanismen die 

Mutationen im NF1 zu Knochenheilungsstörungen führen. Außerdem konnte in einer 

Pilotstudie der Effekt des Neurofibromin-Mangels auf die Knochenheilung durch 

Behandlung mit MEK-Inhibitoren in vitro und in vivo weitestgehend behoben werden.
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INTRODUCTION 

INTRODUCTION 

Bone fracture healing is a complex physiological process involving a series of timed steps 

leading to the regeneration of an injured bone's structure. Bone regeneration involves 

cellular processes, which require interplay between different cell types and regulatory 

factors. Processes of bone regeneration resemble processes observed in the embryonic 

skeletal development. Generally, in the endochondral ossification type of bone healing, the 

process relies on cartilaginous callus formation, which subsequently hardens by the “bone 

matrix mineralization” process. Callus is then reshaped through an osteoclast-mediated 

remodeling. 

Neurofibromatosis type 1 (NF1) or von Recklinghausen’s disease [1] is a genetic disorder 

with an incidence of 1:3000 [2]. The NF1 gene (Nf1) encodes for a tumor suppressor protein 

called neurofibromin (Nf1) [3]. Mutations in the gene are causal to NF1, which primarily 

manifests itself with neurocutaneous symptoms [4]. Furthermore, skeletal lesions are also 

frequent in NF1 patients [5]. Among these, there can be a decreased bone mineral density 

due to higher bone resorption; dystrophic and none-dystrophic scoliosis are also common 

[6]. Bony dysplasia is found as well in about fifty percent of all NF1 patients [7]. Moreover, 

tibial bowing is a familiar symptom in NF1 patients, and this frequently results in 

spontaneous fractures followed by pseudarthrosis [8,9,10,11]. 

Neurofibromin is essential for successful fracture healing [12]. However, a profound 

understanding of fracture healing in the absence of neurofibromin is still required. 

Therefore, fracture healing studies in animal models of NF1 are crucial for understanding 

the cellular and molecular interactions correlated with the lack of Nf1. 

Various models of NF1 are available. Some of these have reported a minor discrepancy 

from the wild type, for example, the heterozygous Nf1 knockout mice generated and 

reported by Schindeler et al. 2007 who have shown no major complication of fracture 

healing [13]. Recently two new NF1 mice models were described. Although none of these 

showed a deviant phenotype from the wild-type mice, both showed a complete or at least 

partial healing impairment. The first one depended on ablation of Nf1 in osteoblasts [14]; 

the other one used local delivery of engineered adenovirus at the fracture site in a 

heterozygous Nf1 mice model to reach complete inactivation of Nf1 [15]. In contrast to 

these models, the Nf1 flox Prx1 Cre (Nf1Prx1) mice model used here [16] exhibits 

recapitulation of NF1 patients skeletal symptoms. The Nf1Prx1 mice model was established 
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INTRODUCTION 

as a conditional homozygous inactivation of Nf1 in undifferentiated mesenchyme, where 

activation of the homeobox transcription factor (Prx1 promoter) led to the expression of Cre 

recombinase (Type I topoisomerase), which in turn excised Nf1 gene in an Nf1 floxed mice 

[16]. Thus, in the limb cells of mesenchymal origin such as endothelial cells, chondrocytes, 

and osteoblasts would have Nf1 knocked out. However, hematopoietic origin cells such as 

osteoclasts would have a normal Nf1 gene. 

Structure and function of bone 

Bone is a specialized form of connective tissue which forms the skeleton, and it has both 

protective and mechanical roles [17]. 

Morphologically seen, bone consists of two different types. One is the cortical bone; it has 

densely packed layers, which are concentric and diversely oriented to increase mechanical 

strength (Fig. 1, upper part). Trabecular bone, the second type, is more vascular [17], less 

dense than the cortical bone, and has a trabecular structure which allows a better adaptation 

to stress (Fig. 1, lower part). This structure-related adaptation is referred to as Wolff’s law 

[18]. Cavities around the trabeculae are filled with bone marrow, which is a habitat for 

hematopoietic stroma cells (HSCs) and mesenchymal stroma cells (MSCs) [19]. 

Bone is mostly made of the bone matrix, which consists of approximately 95% type I 

collagen, whereas proteoglycans, the non-collagenous proteins and various cell types form 

the remaining 5%. Among bone cells, there are osteoblasts, osteoclasts, osteocytes, 

chondrocytes, and bone-lining cells. The main biology of bone cells has to do with bone 

remodeling which involves orchestrated resorption and deposition of bone. In bone 

remodeling, osteoblasts form, deposit and mineralize bone tissue [20,21,22,23] and 

osteoclasts mediate bone resorption [24], where osteocytes are found within the concentric 

lamellae and play a role in calcium and phosphorus homoeostasis [25,26]. Other important 

components of bone are the periosteum and endosteum. The first covers the diaphyseal 

external surface, and the second covers the inner surface. The periosteum has a fibrous outer 

layer, which consists mainly of fibroblasts and collagen. However, the inner cambial layer is 

highly cellular and contains MSCs, osteoprogenitor cells, and osteoblasts, fibroblasts, 

microvasculature, and sympathetic nerves. Therefore, the inner cambial layer is involved in 

bone regeneration [27,28]. 

2 



INTRODUCTION 

In this thesis, a three-point femoral fracture model was used. The femur is a long bone and 

suitable for examining bone dysplasia. The femur diaphysis is mainly compact bone where 

the trabecular bone is primarily found in the epiphysis and metaphysis regions. 

 

Figure 1: Bone histology, general overview. Compact bone is the dense part of bone, and accounts for 80% 
of the total bone mass. Trabecular bone adapts to stress more than compact bone does because of its 
trabecular structure. Periosteum lines the outer surface of bone; it provides bone with progenitor cells after 
a bone fracture. (Modified from Netter’s Orthopedics, fourth edition) 

 

Bone remodeling 

Bone is a specialized form of metabolically active connective tissue. Every year, 10% of 

total bone tissue in humans is remodeled. Two balanced processes are crucial for this 

remodeling: bone formation and bone resorption. Regulation of these processes is essential 

for bone homeostasis. Imbalance can lead to pathological conditions as osteoporosis or 
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INTRODUCTION 

osteopetrosis. Different cell types are required to achieve remodeling: osteoblasts, 

osteocytes and osteoclasts [29]. Osteoblasts are cells of mesenchymal origin; they produce 

the new bone matrix and aid its mineralization [30]. To go further into detail, bone 

formation takes place as mesenchymal cells proliferate and then differentiate into osteoblast 

precursors and ultimately into mature osteoblasts. Osteoblasts synthesize a matrix of osteoid 

composed mainly of type 1 collagen [31]. At a later stage, mature osteoblasts mineralize the 

osteoid matrix. Osteoblasts' proliferation and differentiation are subject to many solubility 

factors such as Runt-related transcription factor 2 (Runx2) [32] and a zinc finger-containing 

transcription factor (Osterix) [33]. Osteoclasts are multinucleated cells with foamy 

cytoplasm appearance. When actively resorbing bone, osteoclasts are also characterized by 

their ruffled border [34] which increases the surface-area interface for bone resorption. 

Integrin receptors facilitate attachment of osteoclasts to the bone matrix. Subsequently 

osteoclasts produce hydrogen ions through the ruffled border to acidify bone matrix. In 

addition, hydrolytic enzymes as cathepsin K and metalloproteases are released to digest the 

organic matrix. 

The basic multicellular unit (BMU) is the core of bone cellular physiology. BMU is 

composed of various cells responsible for dissolving and refilling an area of bone surface. 

Osteoclast-mediated bone resorption (dissolving) takes place in 3 weeks, while osteoblast-

mediated bone formation requires 3-4 months. Furthermore, bone type is also relevant; 

trabecular bone remodeling takes place faster than cortical bone remodeling does. The 

emergence of a BMU increases as bone gets older [35]. However, the initiation of the 

process takes place via mechanical stress, tissue destruction, or cytokine signaling at the 

targeted locus [36,37]. Moreover, osteoblasts can initiate BMU through the expression of 

RANKL (receptor activator of nuclear factor kappa b ligand) [38]. Termination of BMU 

function, on the other hand, depends on inhibiting osteoclast activity. An in vitro study 

previously suggested that osteoclasts are inhibited upon engulfing osteocytes during bone 

resorption [39]. However, it has been established that the presence of either TGF-β 

(transforming growth factor - beta) or estrogens induce apoptosis in osteoclasts [40,41]. In 

addition, other cell types such as macrophages (i.e. mononuclear cells) prepare the bone 

lacuna for osteoblasts right after the resorption is terminated. Macrophages synthesize a thin 

collagen layer and releases osteopontin, which facilitates the attachment of osteoblasts [42]. 
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The RANK / RANKL system is one of the main systems regulating osteoblasts / osteoclasts 

interaction. RANKL is produced by osteoblasts and expressed on the pre-osteoblasts' 

surface, while pre-osteoclasts have the RANK receptor on their surface.  

RANK is a member of the tumor necrosis factor (TNF)-receptor family; its activation results 

in translocation of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) to 

the nucleus, and this causes an increase in the transcription of genes involved in 

osteoclastogenesis (Fig. 2) [43,44].  

This interaction and activation could be inhibited solely by the decoy receptor 

osteoprotegerin (OPG), which eventually terminates resorption. Support for the role of 

RANK / RANKL in osteoclastogenesis comes from in vitro studies which showed a 

prevention of osteoclastogenesis when RANK is blocked. Furthermore, absence of RANK 

in knockout mice models prevented the formation of osteoclasts; thus mice models lacking 

either RANK or RANKL exhibited severe osteopetrosis [45]. 

 

Figure 2: The RANK / RANKL system. RANKL produced by osteoblasts binds to RANK on the surface of 
osteoclast precursors and recruits the adaptor protein TRAF6, leading to NF-κB activation and 
translocation to the nucleus. NF-κB increases the expression of c-Fos, and c-Fos interacts with Nuclear 
Factor of Activated T-cells, (NFATc1) to trigger the transcription factors of osteoclastogenic genes. OPG 
inhibits the initiation of the process by binding to RANKL. NFAT, nuclear factor of activated T cells; c-Fos 
FBJ murine osteosarcoma viral oncogene homolog NF-κB, nuclear factor-κB; OPG, osteoprotegerin; 
RANKL, receptor activator of nuclear factor-κB ligand; TRAF, tumor necrosis factor receptor associated 
factor. (Modified from Boyce and Xing Arthritis Research & Therapy 2007)  
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Bone healing 

Fracture healing involves complex processes of cell and tissue proliferation and 

differentiation. Many players are involved, including growth factors, inflammatory 

cytokines, antioxidants, bone breakdown cells (osteoclast) and bone building cells 

(osteoblast), hormones, amino acids, and uncounted nutrients. 

Upon bone injury, blood supply is disrupted, connective tissue is damaged and mechanical 

stability is lost. Subsequently bone regeneration takes place (Fig. 3). Thereby crucial and 

extensive matrix synthesis and re-establishment of vascular supply is required. Woven bone 

is then formed which is finally remodeled into lamellar bone [46,47]. The detailed process is 

spatially and temporally regulated, which recapitulates aspects of embryonic skeletal 

development [48]. The healing process has three partially overlapping phases as mentioned 

below. 

Inflammatory phase 

Bone injury causes a disruption of bone matrix, blood vessels, and surrounding soft tissues. 

This disruption results in a bleeding into the fracture gap and the release of bone marrow. 

Bleeding consequently forms the initial hematoma [46,47]. The disrupted blood supply 

creates a hypoxic state around the fracture gap [49]. Hematoma is followed and 

accompanied by inflammation [50]. Cytokines, growth factors and extracellular matrix 

(ECM) proteins are present due to inflammation. These in turn stimulate, recruit, and aid the 

proliferation of cells essential to bone healing [47,51,52]. For example Interleukin-1 (IL-1), 

an inflammation producer which is mainly secreted by macrophages in the innate immune 

response; Interleukin-6 (IL-6) an immune response stimulant which is secreted by T cells in 

the adaptive immune response; both are known to recruit mesenchymal cells [52]. Thereby, 

MSCs are stimulated to differentiate into chondrocytes and osteoblasts, among other cell 

types. 

Reparative phase 

The reparative phase of fracture healing is highlighted by the development of new blood 

vessels and the onset of cartilage formation. The surrounding soft tissue provides vascular 

ingrowth initially to the periosteal area and subsequently to the endosteal area. Prior to 

fracture, the cortical blood supply is primarily from endosteal bone and branches out in a 

radial manner from inside the medullary canal. During the reparative phase, most of the 

6 



INTRODUCTION 

blood supply to the cortex arises from outside the bone rather than the inside of it. Mice 

models of fracture healing reveal that the intramembranous and endochondral bone 

formation are initiated during the first 10 days. Inflammatory mediators in the fracture 

hematoma recruit chondrocytes capable of producing fracture callus. The hematoma initiates 

– and is eventually replaced by – the ingrowth of fibrovascular tissue. This developing 

construct provides structural support to stabilize the bone ends. 

In general at this stage, proteins produced by the osteoblasts and chondroblasts begin to 

consolidate into what is known as a soft callus. This soft, new bone substance eventually 

hardens into a hard callus as the bone weaves together. The closed fracture model examined 

in this thesis on the mice femur reflects two types of ossification: 

Endochondral ossification 

In the absence of rigid fixation, endochondral bone formation occurs [53]. Differentiation of 

progenitor cells into chondrocytes, and subsequent proliferation and secretion of biological 

factors by these chondrocytes results in the production of an abundant cartilaginous matrix, 

including collagen II [51]. This soft callus spans the fracture gap [27,54]. Later – in a 

processes similar to the one known to take place in the growth plate during development -

chondrocytes undergo hypertrophy, and chondrocyte-mediated mineralization [46]. As 

vasculature begins to invade, the hypertrophic chondrocytes are removed and woven bone 

formation occurs after recruitment of osteo-progenitor cells [51]. 

Intramembranous ossification 

A few millimeters proximal and distal from the fracture site, a hard callus of fully 

mineralized woven bone is formed [46,51]. To accomplish this, osteoblasts from the cortical 

bone and osteo-progenitors derived from the periosteum proliferate and deposit new bone 

matrix onto existing bone surfaces [51].  

Remodeling phase 

During this stage, newly formed woven bone is converted into lamellar bone. First, 

osteoclasts begin to erode a cavity referred to as the cutting cone. Osteoblasts migrate into 

this cone and deposit a layer of bone matrix in opposition to the existing surface. These 

mechanisms restore the original structure and biomechanical competence of the injured bone 

[26]. 
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Delayed and non-union healing 

Bone growth and bone healing are complex physiological processes of a concerted interplay 

between different cell types and regulatory factors. Bone repair processes lead to bone 

union, and when they cease without bone union a pseudarthrosis (non-union healing) is 

usually formed; whereas delayed healing (also delayed union) refers to incomplete 

restorative process within the expected time interval. Despite bone’s natural healing capacity 

and the extensive amount of research conducted in this area, delayed healing and non-union 

of bones are frequently encountered. For example in the United States 5-10 % of the over 6 

million fractures occurring annually develop into delayed or non-unions [46]. 

 

Figure 3: Course of bone healing of standard closed transverse femoral fracture in the rat. Day 1) Bone 
matrix and blood vessels are disrupted (arrow); formation of hematoma also takes place. Day 7) 
Chondrogenesis (thick arrow) and bone formation from the periosteum (thin arrow) are initiated. Day 14) 
Calcification of cartilage starts, (arrow indicates interface between cartilaginous callus and periosteal bone 
formation), also remodeling starts. Day 21) callus is mainly calcified cartilage, cortical bone is remodeling 
and partially bridged. Day 28) newly formed woven bone and late stage remodeling. (Figure modified from 
Einhorn T et. al 1998, clin Orthop Relat Res: suppl: 355:7-21). 

Although advanced methods in trauma surgery are conducted, delayed and non-unions are 

still severe complications following a fracture [55]. In general, bone fractures also have a 

socio-economic impact. Large annual budgets cover not only primary treatments and 

follow-up operations due to delayed or non-unions but also the cost of lost employment 

resulting from such procedures. Furthermore, in industrial nations, the ageing of populations 

is increasing. This, in turn increases the expectation of bone fracture prevalence and possibly 

pseudarthrosis due to osteoporosis; for instance, in the year 2000, 3.8 million osteoporotic 

related non-unions were reported in the European Union. The direct costs resulting in the 

health care services for those non-union osteoporotic related fractures was about € 32 billion 

[56], Furthermore, it has been predicted that 40% of all postmenopausal women will suffer 
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one or more fractures during their remaining lifetimes [56,57] with the highly associated risk 

of a non-union fracture. 

However, pseudarthrosis occurrence is governed by many different factors. In normal 

patients, a mechanical parameter e.g. fracture instability is the main factor of pseudarthrosis. 

Inadequate immobilization has been one of the first factors implicated in delayed healing 

due to the disruption of newly formed blood vessels [58,59]. 50% of long bone fractures in 

neurofibromatosis patients results in pseudarthrosis [7]. Hence, understanding, prevention, 

and effective treatment of such complications are desirable. 

 

Neurofibromatosis type 1 (NF1) 

Neurofibromatosis type 1 (NF1), also called von Recklinghausen’s neurofibromatosis, and 

peripheral neurofibromatosis is a term applied to a dominantly inherited neurocutaneous 

disease caused by an alteration of the NF1 gene mapping to chromosome 17q11.2. 

NF1 is one of the most common autosomal dominantly inherited disorders with an estimated 

birth incidence of 1:2,500 and a prevalence of 1:3,500 individuals [60]. NF1 has a 

penetrance of almost 100%, although an extreme variability even within the members of the 

same family is possible. 

The commonest form of NF is caused by mutations in the NF1 gene [61]. The cardinal 

features of NF1 are café-au-lait macules, neurofibromas and Lisch nodules present in 95% 

of the patients. Café au lait macules may be present at birth, but are not noticed in the first 

few months of life. There is no relationship between the number and localization of café au 

lait spots and NF1 severity. Both axillary and inguinal freckling develops in 70% of patients 

during their puberty and are highly specific for NF1. Lisch nodules are multiple melanocytic 

hamartomas of the iris (clumps of pigment cells). They usually appear in late childhood and 

do not impair vision. Their detection often confirms NF1 diagnosis in individuals having 

multiple café au lait spots. However, a clinical hallmark of the NF1 is the development of 

dermal neurofibromas (dNFs) and / or plexiform neurofibromas (pNFs). dNFs most 

commonly appear in late childhood or adolescence as small spongy subcutaneous nodules. 

In contrast, pNFs usually are congenital and characterized by a large soft subcutaneous mass 

following the course of diffusely thickened peripheral nerves. pNFs may affect the skin and 

superficial muscle causing hypertrophy or deformation of the nearby tissue and diffuse 
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hyperpigmentation of the overlying skin. They can transform into malignant peripheral 

nerve sheath tumors (MPNST). Optic glioma and some osseous lesions are included as NF1 

diagnostic criteria because their occurrence should suggest NF1. Optic gliomas are tumors 

made up of glial cells and may occur at any point of the optic nerve. Though optic gliomas 

are rarely malignant, they may cause painless proptosis, decreased visual acuity or 

neurological trouble. Bony abnormalities such as sharp scoliosis, dysplasia of a long bone or 

the sphenoid wing may provide useful diagnostic clues. A very sharp focal deformity of the 

spine, due to vertebral dysplasia, is almost exclusive to NF1 [62,63]. Furthermore, bowing 

of the tibia is a common skeletal diagnostic symptom (Fig. 4 A). Other NF1 manifestations 

include abnormalities in the development of the central nervous system (CNS) such as 

megalencephaly or seizures. Evaluation of the brain is required to exclude a tumor as the 

cause of seizures. Hydrocephalus caused by aqueductal stenosis is one of the most frequent 

complications and produces symptoms related to abnormal intracranial pressure. Cognitive 

and learning disabilities have also been shown to be present in up to 80% of the children 

with NF1 and can have significant effects on their learning performance and everyday life. 

The most common cognitive problems involve perception, attention, language and motor 

deficit. Pulmonary manifestations such as interstitial fibrosis and bullae occur in 5 to 10% of 

NF1 patients. Interstitial fibrosis characteristically involves both lungs symmetrically with 

some basal predominance, whereas bullae usually are asymmetric and tend to develop in the 

upper lobes. Endocrine disorders have been reported in 1 to 3% of NF1 patients. 

Pheochromocytoma is the most common disorder present in 1 to 6% of adults. In contrast, 

central precocious puberty is seen in 2.5 to 6% of children, almost invariably caused by a 

tumor in the hypothalamus. Although short stature is observed in 13% of NF1 patients, 

growth hormone deficiency was found in only 2.5% of children with NF1. The best 

characterized function of the NF1 gene is to act as a down-regulator of Ras proto-oncogene 

signaling by accelerating the switch of active Ras-GTP (Rat Sarcoma-oncogene-Guanosine 

Triphosphate) into inactive Ras-GDP (Rat Sarcoma-oncogene-Guanosine Diphosphate) 

[64]. The NF1 gene is considered to be a tumor suppressor as loss of heterozygosity (LOH) 

i.e. homozygote inactivation of the NF1 gene [65] is displayed in some cancer types such as 

malignant peripheral nerve sheath tumor, leukemia and melanomas. 
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Signal transduction in RAS / MAPK signaling cascade 

Ras proteins transmit extracellular signals to stimulate a receptor and phosphorylate its 

intracellular parts leading to an activation of Ras [66]. The Ras subfamily (Rat Sarcoma) is a 

protein subfamily of small guanosine triphosphatases (GTPases). A G-protein is active when 

bound to GTP, and inactive when bound to guanosine diphosphate GDP (i.e. GTP is 

hydrolyzed to GDP). Small GTPases are a family of hydrolase enzymes that can bind to and 

hydrolyze guanosine triphosphate (GTP). The GDP can then be replaced by free GTP. 

Therefore, a G-protein can be either switched on or switched off. The major downstream 

target of Ras-GTP is Mitogen-Activated Protein Kinase (MAPK). The MAPK pathway is a 

signal transduction cascade. The cascade activates in a multistage process protein kinases 

through phosphorylation of serine or tyrosine residues, which affects transcription. 

Mitogenic activation occurs via an enzyme encoded by the RAF1 gene (RAF), Dual-

specificity mitogen activation protein kinase kinase 1 and 2 (MAP2K 1 and 2, better known 

as MEK1 / 2), and extracellular-signal-regulated kinases 1 and 2 (ERK 1 / 2) regulate cell 

growth, cell proliferation, and cell differentiation [67,68]. Briefly, RAF (also known as c-

Raf) is a MAP Kinase Kinase Kinase (MAP3K) that functions downstream of the Ras 

subfamily of membrane associated GTPases to which it binds directly. Once activated, RAF 

can phosphorylate to activate MEK1 and MEK2, which, in turn, can phosphorylate to 

activate the serine / threonine-specific protein kinases ERK1 and ERK2. This results in the 

regulation of various processes such as embryogenesis, cell differentiation, cell growth, and 

apoptosis. Among the affected transcription factors are cAMP Response Element-binding 

Protein (CREB), cellular Myelocytomatosis oncogene(c-Myc) and Nuclear factor Kappa-

light-chain-enhancer of activated B-cells (NF-kB). Furthermore, MAPK pathway is 

constitutively activated in the absence of neurofibromin (Fig. 4 B) as in NF1 patients 

[69,70]. In the last decade, studies suggest that MAPK activation inhibits osteogenic 

differentiation and promotes proliferation. In vitro experiments of Nf1 +/- osteoblasts show 

functional alterations of osteoblasts, which presented increased concentrations of 

osteopontin [71]. The same study showed that Nf1 +/- osteoblast conditioned media 

promoted osteoclasts migration and bone resorption. 
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Figure 4: Neurofibromatosis type 1 lesions are caused by lack of neurofibromin. (A) X-ray film of an NF1 
patient tibia; bowing of the tibia is a common symptom, which may lead to a spontaneous fracture. (B) Ras / 
MAPK signaling; growth factors bind to a receptor tyrosine kinase leading to its dimerization, and adaptor 
molecules direct the nucleotide exchange factor son of sevenless homolog 1(SO) to interact with activated 
RAS. Thus, three consequent phosphorylation cascades (Raf, MEK, and/ ERK) take place resulting in 
regulation of specific transcription factors of proliferation and differentiation. (A, Alwan, S et al. Clin Genet 
2005: 67: 378-390, B, Schindeler, A., and Little, D. G. J Bone Miner Res 2006: 21(9): 1331-8) 

 

Mesenchymal stroma cells (MSC) 

Bone marrow stroma has been described to contain cells able to form bone. Nonetheless, 

minor subpopulations had the osteogenic potential; these were distinguished by their rapid 

adherence to cell culture plates and the fibroblast-like shape of their progeny in culture [72]. 

The cells gained their name based on the developmental origin in the mesenchymal [73]. 

MSCs are not only able to differentiate into mesenchymal cells, such as osteoblasts, 

adipocytes and chondrocytes, but also into non-mesenchymal cells including endothelial 

cells and neural cells [74]. For in vitro cultivation, MSCs are typically aspirated from bone 

marrow by centrifugation and subsequently by adherence to cell culture plastic [75]. 

However, other sources may be used to obtain MSCs such as muscle, fat, umbilical cord 

blood, liver, and spleen [76,77]. MSCs cell surface marker expression pattern is investigated 

[76,78,79]. It includes several cluster of differentiation (CD) markers such as CD105 also 

known as Src homology 2 (SH 2), CD73 also known as Src homology 3 / 4 (SH 3 / 4), 

CD44, CD90, thymocyte-1 (Thy-1), as well as the adhesion molecule CD106 also known as 

vascular cell adhesion molecule 1 (VCAM-1) [80]. None of these is alone specific for 

MSCs. However, absence of the hematopoietic markers CD45 and CD34 is needed to 

characterize MSCs in combination with the above-mentioned markers [80]. The surrounding 
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ECM (extracellular matrix) influences MSCs [81]. The ECM plays a role in cellular 

behavior; it maintains tissue architecture and acts as a ligand for cellular adhesion receptors 

such as integrin. Moreover, ECM provides signaling molecules, including growth factors 

and growth factor-binding proteins [81,82]. ECM - cell interaction modulates signaling 

cascades that control cell growth, differentiation, survival, and morphogenesis. Therefore, 

changes in the microenvironment affect these processes [83]. For example, MSC 

differentiation can be initiated by growth factors, such as TGF-β binding to trans-

membranous serine / threonine kinase receptors. This activates the TGF-β / Smad pathway, 

which consequently regulates gene expression in the nucleus [84]. Several transcription 

factors are also known to be essential to MSC differentiation such as Runx2 that mediates 

osteogenesis. MSCs migration is necessary for bone healing and their sources of healing that 

may include: the bone marrow [85,86,87], periosteum [88,89,90], vessel walls [91], muscle 

[92,93,94] and circulation [95]. Due to their integral role during embryonic developmental 

stages and in fracture healing, MSCs were targeted – in the model described here –to 

achieve a conditional knockout of neurofibromin in the developing limb. Loss of 

neurofibromin is known to hyperactivate the Ras-MAPK pathway and accordingly, this 

affects cellular proliferation, differentiation and survival. In the situation described here, 

Ras-MAPK hyperactivation affects the MSCs themselves, as well as all cells to which they 

give rise. 

Nf1Prx1 mice model 

Several NF1 mice models have been generated. However, the goal was to develop an Nf1Prx1 

mice, which recapitulates the patient's symptoms. NF1 patients show mosaicism in cells 

lacking neurofibromin. Homozygous Nf1 mice (Nf1 -/-) die in their fetal stages due to 

cardiovascular defects [96,97,98]. Heterozygous Nf1 mice (Nf1 +/-) are phenotypically 

quite variable and show only a few symptoms of neurofibromatosis type 1 disease patients 

[13,71,99,100]. Therefore, these mice models are not suitable for a close recapitulation of 

the NF1 patient’s musculoskeletal phenotype (Fig. 5). On the other hand, a conditional 

knockout system (Cre / loxP) works through targeted gene inactivation either time 

specifically, tissue specifically or both together[101]. In the Cre / loxP recombination 

system, a combination of genetic modification and recombination take place. The 

bacteriophage (P1) of E. coli codes for this site-specific recombinase, which achieves a 

targeted recombination at the loxP, sequences i.e. the recombination sites [102,103]. To 
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conceive conditional knockout mice, both alleles of the Nf1 gene must be inactivated in 

mesenchymal precursor cells. Therefore, two mice strains were crossed: first, a strain of 

mice carrying the recombination site (the loxP site).It is important that the loxP sites flank 

the NF1 gene, especially exon 31, which is essential for the NF1 gene function [96]. 

Therefore, the target vector created to generate the Nf1flox / flox mice, which was utilized 

in this thesis, had loxP sites flanking exon 31. The second strain – required for the 

conditional knockout generation here – was a transgenic mice line bearing Cre recombinase 

under a specific promoter (Prx1 promoter). Consequently, Cre recombinase was expressed 

in cells with the active tissue-specific promoter Prx1. Taken together, in the Nf1Prx1 mice, 

Prx1 promoter was implemented to inactivate NF1 gene in the early mesenchymal precursor 

cells of the developing limb [104]. This will provide a heterozygous genotype at all body 

locations except those arising from MSC, which will have a homozygous ablation of NF1 

gene. This approach overcomes the fatal consequences of a homozygous ablation of the NF1 

gene in the whole body; it did accomplish a complete knockout in the limb, and that is 

where the focus of this thesis is. Moreover, no local ablation via viral inoculation and no 

restriction of one knocked out cell type at a time is required. Most importantly, this 

conditional knockout of the Nf1 gene resembles the LOH case seen in patients. 

 
Figure 5: An Nf1Prx1 mice model recapitulates the symptoms of NF1 patients. The upper panel shows the 
smaller size and lack of ability of hind limb dispersion. The lower panel shows bowing of the tibia because 
of neurofibromin absence in the developing limb. (Modified from Kolanczyk, M. et al.: Hum Mol Genet, 
16(8): 874-86) 
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Neurofibromatosis type 1 - treatment options 

Surgical removal of neurofibromas for both medical and cosmetic purposes is up to date one 

of the most common procedures on individuals suffering from NF1. Recently, laser 

technology has permitted a nonsurgical removal of small, cutaneous neurofibromas. 

Moreover, chemotherapy was implemented to treat malignant peripheral nerve sheath 

tumors (MPNSTs) that are metastatic. Although varieties of combinations of 

chemotherapeutic agents were used, less than optimal outcomes were achieved. NF1 

patients with severe bony defects must endure an orthopedic intervention such as limb 

sparing to avoid amputation. In trails to inhibit the MAPK pathway, lovastatin was the focus 

of many studies in the past few years and promising outcomes were reported. Recently, a 

phase I study examined the safety and tolerability of lovastatin in children with 

neurofibromatosis type 1. The study reported an improvement in areas of verbal and 

nonverbal memory [105].  However, the use of lovastatin in children with neurofibromatosis 

type 1 or in children with normal cholesterol levels is doubtful and was not reported to be 

free of side effects. More recently, in vitro studies looking at a more specific agents 

targeting a specific step within the Ras and/or MAPK pathways have shown some 

promising results in cancer research [106]. Some of these small molecules, which inhibit 

MEK, have reached phase I others reached phase II of clinical trials [106,107]. Inhibitors 

such as AZD6244 and AS703026 are financially feasible, commercially available and 

approved by the food and drug administration, those advantages are good motives to try 

these inhibitors in treating NF1.

15 



OBJECTIVES    

OBJECTIVES OF THIS STUDY 

Neurofibromatosis type 1 disease is either inherited or presented through de novo mutations 

of the NF1 gene, resulting in a loss of neurofibromin function. 

Neurofibromin is essential for fracture healing as it negatively regulates Ras-MAPK 

signaling. 

Several mice models were generated and implemented in a fracture healing study. However, 

these mice models did not offer a close enough recapitulation of the patient's symptoms. 

Therefore, in this study a conditional knockout mice system was used. The model was 

established and characterized to resemble lesions observed in NF1 patients. The knockout 

mice model has Nf1 ablation in mesenchymal precursor cells of the developing limb 

(Nf1Prx1). 

This study hypothesizes that the Nf1Prx1 mice model would show temporal, morphological, 

and molecular differences in bone regeneration that would lead to healing deterioration 

when compared with the wild-type control mice.  

The study aims at analyzing bone healing and its impairment in the Nf1Prx1 mice model at 

different time-points in a standard, closed femoral fracture model. Milestones are 

characterizing the fracture callus using micro-computed tomography to illustrate 

mineralization differences. Histology, enzymo-histochemical, immunohistochemical and 

immunofluorescence labeling methods were conducted to discriminate cells and tissues 

contributing in healing and their variances from the control. Furthermore, differential gene 

expression analysis and qPCR shall mark the molecular mechanisms throughout the healing 

process. The findings are to elucidate the pathogenesis of neurofibromatosis and its effect on 

fracture healing. 

 

Hypotheses: 

 

1. Delayed bone healing in the Nf1Prx1 mice is caused by temporal, morphological, 

and molecular differences when compared with the wild-type control mice. 

 

2. MEK inhibitors treatment affects positively proliferation and differentiation of 

MSCs derived from Nf1Prx1 mice in vitro, and improves fracture healing in Nf1Prx1 

mice in vivo.
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MATERIALS AND METHODS 

Detailed protocols are described in the appendices; the annex has complete general lists of 

materials used in this thesis. 

Experimental design 

A closed fracture model [108] was used to study the effect of Nf1 ablated MSCs in bone 

healing. An Nf1Prx1 mice group was examined in comparison with a control group at four 

time-points after a femoral fracture (‘day is D’: D7, D10, D14, and D21). Resulting callus 

was investigated by micro-computed tomography (µCT), histology, and molecular analysis. 

However, a biomechanical testing was done under my supervision by Mark Heyland as a 

part of his practical training at the Julius Wolff Institute. 

Table 1 Experimental design (animal groups and planned tests) 

 

Animal model 

Male wild-type C57BL/6N mice (Charles River Laboratories, Wilmington, MA) served as 

control. Nf1flox+/- Prx1 cre+ mice were obtained from Dr. Mateusz Kolanczyk (Max-

Planck institute for molecular genetics, Berlin, Germany). Mice were backcrossed onto the 

C57BL/6N background. This provided a genetic background for the mutants similar to that 

of the control mice. The local legal animal welfare representative approved all working 

protocols according to the guidelines for the care and use of research animals. (Landesamt 

Pr
oc

ed
ur

e 

 

Femoral fracture with intramedullary pin fixation 

 
Control mice 

(N = 95) 

 
Nf1Prx1 mice 

(N = 98) 

Sacrifice and harvest D0 D7 D10 D14 D21 D0 D7 D10 D14 D21 

Biomechanics    10 10    10 10 
Histomorphometry / 
µCT  10 10 10 10  10 10 10 10 

Undecalcified histology      10     10 
Molecular biology 5 5 5 5 5 5 5 5 5 5 
MEK inhibitor treated 
mice /Cryostat histology        3   
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für Arbeitsschutz, Gesundheitsschutz und Technische Sicherheit, Berlin-Germany - 

Registration number: G 0282/07). 

Breeding of Nf1flox+/- Prx1cre+ mice 

Five breeding cages were used. One Nf1flox+/- Prx1 cre+ male mice was mated with three 

wild-type female mice in each cage. Mendelian inheritance suggests for those two 

independent traits a 9:3:3:1 ratio. One out of every sixteen animal carries the NF1flox+/- 

Prx1Cre+ trait, from which only males were used for crossbreeding (hereafter denoted 

genotype A). Out of every sixteen animals, only three carried the NF1flox+/- trait (no Cre); 

males and females were inbred. Nf1flox+/+ shall be passed onto 25% of their offspring, 

these are homozygous floxed animals (hereafter genotype B). To reduce the number of kept 

animals, only one male for every three females was kept. Inbreeding of homozygous mice is 

crucial to have new females to produce the knockout mice. Genotype B females were then 

backcrossed with the Genotype A males. The limitation is that Cre will pass onto the 

offspring only through males. This breeding setting gave rise to the experimental animals 

which were recognized phenotypically (smaller body size, limited hip joint movement, and 

brown fur) [16]. Nf1flox+/- Prx1 cre+ animals were generated in a 25% ratio, from which 

only males were used. 

Genotyping 

Mice were genotyped at all breeding stages. Only genotype A, inbred from the second 

generation onwards were trusted as they yielded only homozygous floxed mice. A tail tip 

biopsy was taken after marking the animal with a binary system using ear puncture. Tails 

were incubated in a dissolvent overnight, proteins were then salt precipitated; followed by 

an alcohol precipitation of DNA. The pellet was then washed, dissolved and kept at 4°C. 

Genomic DNA was analyzed using standard PCR (see appendix A). According to the 

results, mice were sorted into control or mutant, heterozygous or homozygous types. 

Surgical procedure 

Eight-week old control and Nf1Prx1 male mice were used to generate unilateral standard 

closed fractures in the left femur using the three-points bending method [108]. The mice 

were anesthetized using a 2.5% isoflurane inhalation anesthesia mixed with oxygen. Before 

surgery, mice received subcutaneously buprenorphine (1 mg / kg body weight) to help relief 

the pain. Under full anesthesia, the left hind limb was thoroughly disinfected with 
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Braunoderm®, and then shaved. An incision of 2-3 mm was made through the skin, from 

the medial side to the patella. The patella was gently displaced to expose the intercondylar 

fossa. A needle (0.55 x 25 mm) was used to drill a channel along the femur axis. After 

removal of the needle, the mandrin (inner part) of a spinal needle was used as an 

intramedullary pin. This stainless steel intramedullary pin (17 G) was then inserted towards 

the great trochanter in the pre-drilled bone marrow space. Pin length (0.6-0.8 mm) was 

adapted to the mice femur using a cutter. Finally, the patella was repositioned and the 

wound was sutured with a biodegradable surgical suture (Fig. 6 A-D).  

For the following femoral fracture, a three-point bending custom made fracture apparatus 

was used (Fig. 6 E). The two lower bending points of the gadget were fabricated as an 

adjustable grid (Fig. 6 E, red arrow). The third upper bending point was manufactured as a 

metal plate on the lower end of a bolt (Fig. 6 E, blue arrow). The bolt has a handle on its 

upper end. The loading mechanism was achieved by turning the handle in a clockwise 

direction. This caused the metal plate to move downwards. The mutant mice have a smaller 

body size; therefore, the fracture apparatus was adopted with smaller accessories. A mice 

was then held with its left femur positioned over the grid. An assisting person rotated down 

the bolt causing enough load to break the femur (Fig. 6 F). Fractures and position of the 

intramedullary pin were controlled by X-ray. Mice weight was measured right after the 

operation. The control mice registered body weight ranged between 22-32 grams where 

mutant mice had a body weight ranged between 15-24 grams.  

On D7, D10, D14, and D21 after fracture, mice were again anesthetized as described above, 

and then placed into a CO2 flow airtight cage until they stopped breathing. The position of 

the nail was controlled again by X-ray. Then the thigh skin was cut. The broken femur was 

carefully removed with its tissue by freeing the knee and hip joints. The intramedullary pin 

was removed using a cutter. Bones for histology were fixed in PFA. Bones for µCT were 

then swaddled in gauze submerged in a sterile phosphate buffer solution (PBS) and stored at 

-20°C until further processing. The contralateral intact femur of each mice was also removed 

and processed in parallel to the broken ones. For molecular analysis, animals were sacrificed 

by cervical dislocation. Bones were flash frozen and kept at -80°C until used.  
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Quantification and evaluation of µCT of fracture callus 

Micro-computed tomography (µCT) was implemented to determine bone callus formation 

and its structural progression in both Nf1Prx1 and control mice. The intramedullary pins were 

removed from the sacrificed mice femora to prevent attenuations failure. 

 

Figure 6: Surgical procedure of unilateral standard closed fractures in the left femur using the three-points 
bending method. (A) Under anesthesia, a medial incision was made to expose and displace the patella. (B) A 
channel was drilled along the femur using a standard needle. (C) A Mandrin was inserted in the predrilled 
channel and adapted to femur length using a cutter. (D) The incision was sutured after repositioning the 
patella. (E) The custom-made three-points bending fracture apparatus (red arrow grid, yellow arrow bolt). 
(F) Fracture was made by loading the bone through lowering the bolt. 

Scanning and image evaluation was done using an ex vivo µCT imaging device. Callus size, 

geometry, structure, and mineralization were characterized. Fractured and contralateral 

femora were batch scanned. A fixed isotropic voxel size of 10.5 μm was set with a 70,000 

volts and 114 milliampere current. The scan axis was oriented to the femora diaphyseal axis, 

20 



MATERIALS AND METHODS    

enclosing the whole fracture callus (VOI). Cortical bone was manually deducted and only 

newly formed tissue with a preset global threshold of ≥ 190 mg HA/cm3 was included. This 

threshold was set by scanning manufacturer-delivered hydroxyapatite samples and 

calibration of the µCT scanner accordingly. All analyses were performed on the digitally 

extracted callus tissue using 3D distance techniques. Bone volume (BV) and total volume 

(TV) percentages were normalized to the number of slices, which covered the whole fracture 

callus. Bone mineral density (BMD) and tissue mineral density (TMD) percentages were 

normalized to the contralateral bones. For a detailed protocol, see appendix B. 

Histological analysis 

Histological analysis serves in visualization and quantification of not only various cell types 

involved in fracture healing, but also matrix proteins and mineralization. To achieve that, 

two embedding methods were used in this study. The paraffin embedding requires 

decalcification and is more suitable for immunohistochemical staining [109]. Plastic 

embedding of undecalcified bone is preferred in mineralization following up. All 

histological analyses of fractured femora at D7, D10, D14, and D21 post-fracture were 

conducted as previously described [109,110]. Several analyses were performed on paraffin 

sections as follows: i) Histomorphometry and descriptive histology by means of Movat 

pentachrome stain [111]. ii) Tartrate-resistant acid phosphatase (TRAP) enzymo-

histochemical stain for osteoclasts [112]. iii) Osteocalcin immunohistochemical stain for 

osteoblasts. iv) Factor VIII immunohistochemical stain for blood vessels [113] v) Alpha 

smooth muscle actin, Myosin and DAPI immunofluorescence labeling (aSMA) for 

endothelial cells and myofibroblasts. vi) In situ hybridization (type I collagen, type II 

collagen, and osteopontin) vii) Desmin Immunohistochemical stain of myoblasts Viii) Tri-

chrome (gallocyanin – Chromotrop 2 R – Aniline blue) stain for muscle, collagen and 

connective tissue. 

Undecalcified femora with callus at D21 were processed, embedded in Polymethyl 

Methacrylate (PMMA) according to standard protocols [114]. Saggital 6-um sections of 

fracture callus were stained with Van Gieson / Von Kossa to differentiate osteoid and 

Safranin O / Von Kossa to describe mineralized tissue. 

Cryostat embedding followed by Movat pentachrome staining was performed on bone 

specimens of Nf1prx1 mice, at D10 post fracture, from animals treated with MEK inhibitor. 
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Preparation of tissues for histological examination 

Paraffin embedding 

Paraffin embedding requires decalcifying bone samples, which are then used for 

immunohistochemical staining and in situ hybridization. Bones were fixed in 4% high-

purity Paraformaldehyde solution (PFA) for 48 hours. Bones were decalcified at 4°C in a 

1:2 mixture of 4% PFA and ethylenediaminetetraacetic acid (EDTA). The latter is a 

chelating agent, which adsorbs the calcium ions from the bone. After decalcification, bones 

were placed in embedding cassettes and then dehydrated in the dehydration machine. 

Samples are then embedded in ‘Paraplast Plus’ tissue-embedding medium using the Heated 

Paraffin Embedding Module. Paraffin blocks were then solidified for 15 minutes on a cold 

plate. The solidified blocks could be stored at room temperature (RT). Before sectioning, the 

blocks were pre-cooled on ice. A rotary microtome was used to cut 6-µm-thick sections. 

Sections were immediately placed in a warm water bath (42°C) to allow flattening of the 

sections. Floating sections were mounted on a glass slide and dried for 24 hours in an 

incubator at 37°C. For a detailed protocol, see appendix C. 

Plastic embedding 

This embedding method involves undecalcified bone samples, which are more convenient to 

evaluate bone mineralization and osteoid formation. Fixed bones were dehydrated manually. 

Samples were soaked in xylene to remove all fat traces followed by 24 hours of incubation 

in a destabilized pre-infiltration solution, and then subsequently in the infiltration solution. 

Five ml of embedding mixture were used to embed the samples in a plastic cylinder. After 

sealing the cylinder, polymerization was carried out for 48 hours at 4°C. Blocks were 

prepared for sectioning using a micro-grinding system and smoothened with silicon carbide 

papers with a grain size of 80. The samples were then placed in a hard-tissue microtome. 

Sections of 6-µm thickness were prepared using a carbide blade. A lubricant fluid was used 

to grease the blocks during cutting. Sections were then placed on the slide using expanding 

fluid and pressed to dry for 48 h at 60°C. See appendix D 

Cryostat embedding 

Embedding bone samples in cryostat allows a fast preparation and convenient handling to 

evaluate bone callus, its cell types by immunohistochemical staining and its ossification. 

Bones were fixed in 4% PFA for 2 hours. Afterwards, bones are soaked in three ascending 

sucrose solutions – 10%, 20%, and 30% – for 24 hours each to dehydrate the tissue. Bones 
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were placed in stainless steel molds and mounted with embedding medium. The medium 

filled molds were dipped in an n-hexane beaker, which was already placed in a container 

with a dry ice - acetone mixture. After hardening, the formed block was removed from 

molds and immediately stored at – 80°C; see appendix E. 

Movat pentachrome staining 

Movat pentachrome staining differentiates the main events in bone callus as cartilage 

formation and hypertrophy, and matrix mineralization. Therefore, it was used to get a 

general overview of the different tissues that are involved in fracture healing [109]. The 

stain differentiates tissues so that mineralized bone appears bright yellow, non-mineralized 

cartilage and mineralized cartilage appear blue-green to yellow. The staining served for both 

the descriptive histology and the histomorphometric analysis, see appendix F. 

Tri-chrome (gallocyanin – chromotrop 2 R – aniline blue) staining 

Tri-chrome (gallocyanin – Chromotrop 2 R – Aniline blue) staining, also known as GRA 

stain, differentiates muscle tissue, bone tissue, and collagen. Bone appeared blue, muscle 

deep red, collagens appear light red. Therefore, the stain was used in a trail to identify a 

tissue that appeared to emerge from the muscle tissue before interring the fracture gap. See 

appendix G. 

Tartrate-resistant acid phosphatase (TRAP) staining 

Osteoclasts' count and location in a bone callus indicate the resorption level of trabecular 

bone to be substituted with compact bone during remodeling. The TRAP staining was used 

in order to visualize osteoclasts in paraffin sections. TRAP is an enzyme, which is 

synthesized by active osteoclasts, and it cleaves phosphate in the phosphorylated naphthol 

dye. Thus, the liberated daphthol binds to a diazonium salt and forms a red dye that 

colorizes the osteoclasts. Other cell types are able to cleave the phosphate in the dye as well. 

Therefore, only cells located on the bone surface, TRAP positive and multi nucleated were 

taken into consideration. See appendix H. 

Van Gieson / Von Kossa staining 

Osteoid formation implies the matrix produced by osteoblasts and its calcification. Both 

processes shall be balanced to achieve normal healing; an increased osteoid area at the later 

time-points infers troubled calcification. To detect osteoid tissue in PMMA-embedded callus 
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sections, Van Gieson's Stain was used. The stain is a mixture of picric acid and acid 

fuchsine. It is the simplest method for differential staining of collagen and other connective 

tissue. Here, the collagens (osteoid) appeared bright red or pink while the connective tissue 

red, mineralized cartilage and bone tissue turns black; see appendix I. 

Histomorphometry 

Despite the fact that Movat pentachrome is very informative, quantitative evaluation of the 

distinguished tissue types is required. Thereby, Movat pentachrome is a standard stain for a 

semi-automated histomorphometric evaluation of bone callus. Mainly newly formed 

mineralized tissue and cartilage tissue are quantified. The region of interest (ROI) enclosed 

the entire fracture callus. In principle, the analysis depended on measuring the pixels of the 

same color, which were then scaled as area (unit mm2). This semi-automated process was 

aided by the RUN software. Digital images were acquired using a Leica light microscope 

with preinstalled software. Subsequently, image size was reduced to 2000 pixels using 

Adobe Photoshop SC3 to enable RUN evaluation. During evaluation, images were rotated 

so that the proximal end of the femur was on the right-hand side and the medial side of the 

femur was facing upwards. Then, each tissue type was contoured manually and measured as 

one unit. To avoid color misconception, a live control under the microscope was essential. 

The cortices' shift due to the fracture mechanics was also considered. The greater the shift, 

the larger the callus, and this is thus a measurement indicator of the newly formed tissue. 

Immunohistochemical staining 

Immunohistochemical staining specifically identifies antigens in tissues and on cell surfaces; 

this allows a quantitative evaluation of either a specific cell types or matrix proteins. A color 

reaction visualizes the antigen-antibody complex. Principally, sections were pretreated with 

a digestive enzyme (pepsin or trypsin) to break bonds causing protein cross-linking resulted 

from fixation. Sections were then incubated with a normal serum originating from the same 

animal species as the secondary antibody. This was used to avoid unspecific binding of the 

secondary antibody. Generally, this technique employs an unlabeled primary antibody, in 

which sections are incubated for 1 hour, after which incubation with a biotinylated 

secondary antibody is followed for 30 minutes. Then incubation with avidin DH and 

biotinylated alkaline phophatase H. was performed. An alkaline phosphatase substrate 

solution was then utilized. Alkaline phosphatase catalyzes the hydrolysis of a variety of 
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phosphate-containing substances in the alkaline pH range producing a colored insoluble 

precipitate thus visualizing the antigen presence. For a better representation, tissue was 

counter-stained with either hematoxylin or methyl green. Detailed protocols of all 

immunohistochemical stains are presented in appendix J. 

Osteocalcin 

Osteoblasts form woven bone during the reparative phase and compact bone in the 

remodeling phase of bone healing. Discrepancies in the count and location of osteoblasts 

affect bone healing. Therefore, an osteoblast specific stain is important to illustrate such 

discrepancies and their role in affecting bone anabolism. Osteocalcin is a protein secreted by 

osteoblasts and belongs to the non-mineralized bone extracellular matrix; it is often used as 

a marker for the bone formation process. Sections were pre-treated with trypsin, and then 

incubated with normal goat serum. Sections were then incubated with osteocalcin primary 

antibody (1:100). Osteoblasts were then visualized using the ABC-AP kit; all washing steps 

for osteocalcin staining were done in tris-buffered saline (TBS). 

Factor VIII 

Neovascularization is associated with osteogenesis induction. Factor VIII is a protein 

produced by vascular endothelium and enables vessel detection in histological sections. The 

sections were pretreated with pepsin, incubated in goat normal serum, and then bound with 

factor VIII primary antibody (1:50) and finally analyzed.  

Desmin 

Muscle tissue surrounding the fracture gap plays a non-negligible role. Desmin is a protein 

forming type III intermediate filament found near the Z line in sarcomeres. Desmin is one of 

the earliest protein markers for muscle tissue in embryogenesis [115]. It is also expressed at 

low levels and increases as the muscle cell nears a terminal differentiation. Muscle cells 

mature only in the presence of desmin. Sections were treated with trypsin, incubated in goat 

normal serum, and detected using a desmin antibody (1:50).  

Alpha smooth muscle actin, myosin and DAPI 

For immunofluorescence labeling of myofibroblasts, paraffin sections were pre-treated with 

the heat antigen-retrieval method using citrate buffer. Labeling was performed using a rabbit 

anti- mice alpha smooth muscle actin a-SMA1 antibody (1:200) visualized with a green 

secondary antibody-fluorophore conjugate, and a goat anti-mice myosin antibody (1:1000) 
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visualized with a red secondary antibody-fluorophore conjugate. Sections were then counter 

stained with DAPI to visualize the nucleus as it stains DNA in a blue fluorophore. 

In situ hybridization 

In situ hybridization is a technique that allows for precise localization of a specific segment 

of nucleic acid within a histological section. The underlying basis of ISH is that nucleic 

acids, if preserved adequately within a histological specimen, can be detected through the 

application of a complementary strand of nucleic acid to which a reporter molecule is 

attached. Visualization of the reporter molecule allows localizing specific RNA sequences in 

a heterogeneous cell population (i.e. fracture callus). Riboprobes allow localizing and 

assessing the degree of gene expression. 

In this thesis, digoxignien labeled complementary DNA strands (i.e. probes) were used for 

hybridization. The probes detected and localized a specific RNA sequence of type I or type 

II collagen or osteopontin in the callus tissue (in situ). Detailed protocol provided in 

appendix K. 

Preparation of mRNA and expression analysis 

Molecular testing of gene expression rounds the cellular changes examined by histological 

analysis, geometrical changes examined by µCT and biomechanical competence. Therefore, 

the aid of a clean RNA preparation is crucial. After removal of the intramedullary pin, 

collected tissues were circumscribed by 1 mm on either side of the fracture callus (N = 5). 

Tissues were flash frozen in liquid nitrogen and stored at -80°C. Upon sample preparation, 

tissues were pulverized with a mortar and pestle under continuous cooling with liquid 

nitrogen then homogenized in TRIZOL using T10, Ultraturrax while kept on ice. After 

homogenization, total RNA was isolated from each sample using TRIZOL according to the 

manufacturer’s protocol (Invitrogen Life Technologies, Germany). DNA was eliminated 

with DNAse I followed by another TRIZOL isolation. To determine the RNA concentration, 

a picodrop spectrophotometer (Biozym, Oldendorf, Germany) was used at the Institute of 

Medical Genetics and Human Genetics at the Charité, Campus Virchow-Klinikum. The 

system operates based on the principle of nucleic acid absorption of UV light (260 nm). The 

device allows the determination of RNA concentration in the range of 0.3 ng / µl to 1 mg / 

µl in a volume of 2 µl. The measured sample is reusable, as a special sterile 10 µl pipette tip 

serves as a cuvette (P 10 UVpette tip, Biozym, Oldendorf, Germany, article Nr. 311110). 
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The device has a special holder for the use of a 10 µl Gilson pipette. First, a blank (water) 

measurement should be taken by clicking the blank option button in the picodrop software 

(Version 2.06, Biozym, Oldendorf, Germany). Samples are measured then by clicking the 

run option in the same software. The absorption measurement is fully computerized, and 

sample concentration is calculated after subtracting the blank value. The software also 

calculates two absorption ratios to assess the purity of the RNA sample. First, 260nm / 

280nm ratio which assess sample’s purity from protein contaminants, this is however 

sensitive to the sample’s pH [116], which is in turn affected by the purification method. 

Second, 230nm / 260nm ratio, which assess sample’s purity from phenolic residues and 

recommended for samples purified using TRIZOL. RNA purity is related to many factors 

mainly the sample type and the isolation method; best results are usually obtained from 

cultured cells. Fracture callus specimens have various types of cells and they are rich with 

minerals. Therefore, samples with a 260nm / 280nm ratio of 1.7 - 2.0 were considered 

“pure” enough to proceed with qPCR analysis. Otherwise samples were re-purified. See 

appendix L for the isolation method and samples concentration.  

One µg total RNA of each sample was then used for quantitative real time polymerase chain 

reaction. A concentration of 600 ng total RNA pooled from the five samples of each time-

point for each group were distributed over three vials (200 ng each) for microarray analysis. 

Nonetheless, samples must have a high quality to enable microarray analysis and 

hybridization. The microarray facility at the Max Planck Institute for Molecular Genetics, 

Berlin – where the microarrays were performed- determines RNA quality before running 

samples using an international standard called “RNA integrity number (RIN)”. The standard 

classified RNA quality on a 10-degree scale according to the degree of RNA degradation by 

a patented software from Agilent [117], 1 means completely degraded and 10 represents a 

fully intact RNA. The facility used Agilent’s "Lab-on-a-Chip" – technology encompassing 

the Bioanalyzer 2100 and its compatible software (2100 expert software; version 

B02.05.SI360). The tested samples had a RIN that ranged between 6 and 7.5. This RIN was 

considered as a very good value for RNA extracted from bone tissue. Furthermore, the good 

quality of the RNA was reflected on the RNA analysis; volcano plots and microarray 

correlation analysis heatmap showed the quality of the microarray analysis (fig. 39 in the 

annex). 
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Gene expression analysis by qPCR 

To determine how the expression of a particular gene changes over the time course of 

healing, qPCR technique was used to provide quantitative measurements of expressed 

mRNA. The technique is based on the polymerase chain reaction, it begins with a reverse 

transcription of RNA into cDNA, and is followed by normal PCR amplification of the 

cDNA, in which the newly synthesized DNA is simultaneously quantified during the PCR 

reaction. Quantification is performed through a colorimetric dsDNA-binding fluorescence 

agent (SYBR® Green, Bio-Rad – Paris, France). Intensity of SYBR green proportionally 

increases with the increase of dsDNA (amplicon) concentration. The level of RNA 

transcripts is calculated from the number of the PCR cycle at which a threshold is exceeded. 

This cycle is called the threshold cycle (CT value). 

All reagents for qPCR analysis were purchased from BioRad, Paris, France. The plate 

assays were read in IQ5 optical software V 2.0 (BioRad, Paris, France). RNA quality and 

quantity was determined spectrophotometrically. The methods of DNA amplification were 

performed as previously described [118]. In qPCR, samples were run in triplicates. 

Expression levels were normalized to peptidylprolyl isomerase A, also known as cyclophilin 

A (Cyp a) chosen according to geNorm software. The software aids to determine a gene that 

is constantly expressed in the examined tissue. Primers were designed to span exon-intron 

junction (Qiagen, Germany), primer efficiency was considered and tested. Amplicons 

ranged between 155-180 bases with annealing temperature of 62°C. mRNA expression was 

calculated with the ΔCT method to compare genes relative expression at a given time-point 

between the two groups. Protocols and primer sequences and are available in appendix M. 

Microarray hybridization 

Fracture healing complexity urges a more comprehensive examination of gene expression. 

Microarray provides genetic expression profiling for the whole genome and it is considered 

a valuable method in understanding the molecular undercarriage of bone healing. The 

microarray experiment was performed in the microarray facility at the Max Planck Institute 

for Molecular Genetics, Berlin. Illumina's MiceRef-8 v 2.0 Expression BeadChips were 

used for whole mice genome expression profiling. Processing RNA for hybridization, 

including RNA integrity assessment, cRNA synthesis, and labeling, was carried out 

according to the standard protocols described in the instruction manuals of Agilent 

Bioanalyzer 2100 (Waldbronn, Germany) and Illumina Total Prep RNA amplification kit 
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(Ambion, Austin, USA). Hybridization of the labeled and fragmented cRNA to the 

microarray and subsequent staining, washing, and scanning of the arrays cohered strictly to 

standard protocols described in the Illumina Whole-Genome Gene Expression Direct 

Hybridization Assay guide. Briefly, to prepare RNA probes for reacting with the microarray, 

the first step is isolation of the RNA population from the experimental and control samples. 

cDNA copies of the mRNAs are synthesized using reverse transcriptase and then by in vitro 

transcription, cDNA is converted to cRNA and fluorescently labeled. This probe mixture is 

then cast onto the microarray. RNAs that are complementary to the molecules on the 

microarray hybridize with the strands on the microarray. After hybridization and probe 

washing, the microarray substrate is visualized using the appropriate method based on the 

nature of substrate. High-density chips require very sensitive microscopic scanning of the 

chip. Oligonucleotide spots that hybridize with the RNA will show a signal based on the 

level of the labeled RNA that hybridized to the specific sequence, whereas sequences that 

are not represented in the population of expressed mRNAs will appear as dark spots 

indicating no signal.  

Microarray evaluation 

The use of the data obtained from microarray relies a great deal on the statistical analysis of 

the resulting figures. The higher the stringency, the lower is the possible error. Therefore, 

arrays were processed using the statistical program R [119], the bead array [120] and 

Bioconductor [121] packages. Between arrays, the quintile was normalized using the Limma 

package [122]. Quality of the µArray data was tested by computing the mean Pearson 

correlation between each array and every other array in the test database (Fig. 39, in the 

annex). Not a single array was excluded, as they did not exceed the mean correlation of 0.6 

cut off. Pearson correlation of each pair was used to evaluate replicates. Mean correlation 

cut off was set to 0.9; here also no replicate was removed. A two-sided t-test was calculated 

for time-points of the two groups (control and Nf1Prx1). The p-values were alpha-error 

adjusted using the Benjamini-Hochberg method. Fold changes were calculated for the mean 

expressions. In other words, results are presented in a heatmap; each lane corresponds to a 

time-point and a pooled sample of five mice. As three replicas were tested, differential 

expression between conditions was evaluated using the Benjamini-Hochberg method and 

fold change by Reads per Kilo base of exon model per Million mapped reads (RPKM) 

method. Gene expression compared D0 to D7, D10, D14, and D21 for both Nf1Prx1 and 
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controls. In addition, each given time-point in Nf1Prx1 was compared with its counterpart in 

controls. A gene was considered differentially expressed if the Benjamini-Hochberg method 

p-value was < 0.01 and the fold change of the normalized (RPKM) expression values was at 

least two in either direction. Genes were clustered according to expression profile changes 

during the healing process. Every expression direction was visualized in a separate heatmap, 

one for up-regulated genes and one for down-regulated genes. Expression patterns of genes 

in a given cluster were then plotted against the time-points for more clarity. 

Functional annotation 

Gene lists resulting from the statistical analysis of the µArray data must be grouped in a 

functional cluster in order to reveal any involvement in bone healing. These functional 

clusters are called functional annotations. Both the Functional Annotation Chart and the 

Functional annotation tools were used from the database for annotation, visualization, and 

integrated discovery (DAVID) bioinformatics resources (http://david.abcc.ncifcrf.gov/). 

The tool suite provides typical batch annotation and gene-GO term enrichment analysis to 

highlight the most relevant GO terms associated with a given gene list. It provides also 

coverage of over 40 annotation categories, including GO terms, protein-protein interactions, 

protein functional domains, disease associations, bio-pathways, sequence general features, 

homologies, gene functional summaries, gene tissue expressions, literatures. The analysis 

was customized to a higher stringency than the default options to increase the cutoff in order 

to reach the best analytical results. 

For the data set in this study, functional gene categories were identified [123] when they 

were significantly over-represented (p <0.01) and Fold > |2|. In particular, the GO FAT 

option for Gene Ontology terms of biological processes, cellular components, and molecular 

function were used; see appendix N. 

Network analysis using cytoscape 

Functional annotation will provide the clusters to which a set of genes belongs; however, the 

correlation between these clusters is visualized through genetic network analysis in 

Cytoscape. Cytoscape is an open-source bioinformatics software platform. Among other 

types, it enables the analysis of molecular interaction data associated with differential gene 

expression [124]. Cytoscape's core distribution provides a basic set of features for data 

integration and visualization. Additional features are available as plug-ins, two of which 
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were used in this study. First, there is the Enrichment map plug-in, which converts DAVID 

annotation chart files into a visualized network. Secondly, the Reactome functional 

integration network plug-in links genes in networks according to their functional interaction. 

Moreover, both could be combined so edges and nodes are representing a gene set of a given 

annotation. Information could be subtracted, added, and extracted to customize both 

visualization and data presentation. For a detailed protocol, see appendix O. 

 

Cell culture 

Nf1Prx1 mice have a conditional knockout in the limb mesenchyme; therefore, any 

therapeutic redemption must primarily affect the mesenchymal stroma cells (MSCs). As this 

study is related to bone healing, the focus was on testing MSCs. Osteogenic differentiation 

capacity was performed in order to test the effect of commercially available inhibitors of the 

MAPK cascade on the stroma cells lacking neurofibromin. 

Aspiration of mesenchymal stroma cells 

To obtain MSCs from mice, femurs of both the WT and the Nf1Prx1 mice, bones were 

detached and freed from muscle and then stored in sterile phosphate buffer saline (PBS). 

Under the clean bench both femoral ends were cut. Femurs were then stuck in a pipette tip 

and placed in an Eppendorf tube, then centrifuged. Pipette tips and bone remains were 

discarded and 500 µl of working medium was added to the flow-through bone marrow. 

Cells were then transferred to 25 ml culture flasks and 2 ml of expansion medium 

(DMEM, 10% FCS and 1% penicillin / streptomycin) were added. Cells were incubated at 

37°C in a CO2 incubator to allow them to attach to the plastic flask. Cell splitting took 

place as they became confluent in a 75-ml culture flask. Detailed protocol is provided in 

appendix P. 

Osteogenic differentiation assay 

Differentiation was performed in 24 well plates in triplicates with a control. Starter cell 

density was 2.4 x 104 cells in a 400 µl total volume of expansion medium per well, and 

cells were allowed to adhere for 48 hours. The first day of adding the differentiation 

medium was considered day one. Osteogenic differentiation medium (see appendix P) was 

changed twice weekly. To test cell viability the 3-(4, 5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) test was used. MTS is a 
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colorimetric assay where enzymatic activity of a cell reduces MTS, in the presence of 

phenazine methosulfate (PMS) and a Formosan product is then produced. The purple-

colored product has an absorbance wavelength of 490 nm [125]. Osteogenic 

differentiation was then evaluated visually by Von Kossa staining. Thereby, silver ions 

(one of the stain components) bind to the phosphate adsorbed in the extracellular matrix 

and form silver phosphate; which degrades to silver under light illumination. Calcium is 

measured by alizarin red, the stain is then extracted (bleached) using cetylpyridinium 

chloride. Subsequently dissolved color is measured at a wavelength of 405 nm by a micro-

titer plate-reader (TECAN, Genius – Maennedorf, Germany). See appendix Q for detailed 

description. 

Trails to compensate the lack of neurofibromin 

The results gathered in this thesis as well as in previous reports [126,127] all indicated how 

a dysfunction caused by loss of Nf1 in either MSCs (Kolanczyk et al, 2008) or osteoblasts 

(Wang et al, 2010) would impair callus maturation and weaken its mechanical properties. 

Both of the afore-mentioned studies suggested local delivery of a low-dose lovastatin to 

improve bone healing in NF1 mice models and eventually in patients. Many previous 

reports show that statins can act both as bone anabolic and as anti-resorptive agents. Statins, 

in general, are inhibitors of 3-hydroxy-3-methyl-glutaryl coenzyme A (HMG-CoA) 

reductase, which catalyzes a rate-limiting step in the biosynthesis of cholesterol. In addition, 

statins reduce prenylation of signaling molecules, such as Ras and Ras-related proteins 

[128]. Lovastatin, for example, is a cholesterol-lowering drug, which was described to 

reconcile part of bone healing in Nf1Prx1 mice [126]. However, the importance of Ras and 

Ras-related proteins must be considered, and any unpredictable side effects resulting from 

their inhibition must be minimized. Therefore, a targeted inhibition of one kinase step within 

the MAPK cascade could be more beneficial. Such inhibitors are commercially available. 

Some are suggested to compensate the lack of negative regulation of MAPK by inhibiting a 

key factor on the Ras-MAPK downstream. In this thesis, MEK inhibitors were chosen. 

MEK inhibitors are small synthetic chemical structures, which are cell wall permeable. To 

date, two generations were produced. However, the second-generation inhibitors are being 

tested; still, one crucial effect is their cellular toxicity.  
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In vitro assessment of MSCs viability and osteogenic differentiation under MEK 

inhibitors 

The concern of testing the MEK inhibitors in vitro is to assess their effect on cell viability, 

alongside their influence on osteogenic differentiation. An in vitro pilot experiment used two 

inhibitors. The first one, AZD6244 (also known as ARRY-142886, BIOZOL Diagnostica, 

Germany) is a potent, selective, and ATP-uncompetitive inhibitor, which is currently in 

phase II of clinical trials for cancer patients [106]. The second one, AS703026 is currently 

undergoing clinical trial-phase I (BIOZOL Diagnostica, Germany). Both were reported as 

potential therapies for colorectal cancer [107].On the other hand, up to date lovastatin has 

already given promising results on cortical injury on the same Nf1Prx1 mice model [126]. 

Therefore, it was taken as a control. 

Treatment started as cells reached 80% confluence (Fig. 31 A). Following the osteogenic 

differentiation assay (appendix P), three groups – together with the control group – were 

cultured: lovastatin group, AZD6244 group, and AS703026 group. Based on the literature 

review, each treatment group had three concentrations: 10 µg, 25 µg and 50 µg of each 

inhibitor. Triplicates were used for every test from each concentration of every group. Two 

sets were used for the Von Kossa staining at D10 and D14. The other ten sets were tested 

daily for MTS starting at D5 until D14. The MTS test reflects cells proliferation and 

survival. 

In vivo assessment of AZD6244 MEK inhibitor  

Cells survival and differentiation was enhanced under both AZD6244 and AS703026 MEK 

inhibitor in vitro. Therefore, three Nf1Prx1 mice were treated systematically with AZD6244. 

The inhibitor was mixed with the animal feed. To insure doses, a concentration of 30 mg / 

kg body weight was used in a strawberry-flavored gelatin. The gelatin mixture was then 

casted in a 96-well plate, and thus every 200 µl well contained the wanted dosage. 

Eventually, the gelatin hardens into molds; one mold was given daily to each mice. The 

mice were observed to ensure the consumption of the whole mold. Mice were sacrificed at 

D10. Cryostat embedding and sectioning followed by a Movat pentachrome staining were 

carried out. 
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Statistical analyses 

Significance testing ran in PASW 18.1 (SPSS Inc., USA). Collected data from 

histomorphometry, biomechanics, and µCT as well as qPCR were explored for normality. 

Skewness ranged between - 0.7 and +2 and Kurtosis ranged between -1 and 5, suggesting 

that the data set is not normally distributed. Homogeneity of variance test was also carried 

out; the variance was not found equal between the data sets. Therefore, ANOVA was 

excluded as it prerequisites a normal distributed data set with equal variance. To test the 

significance between the two groups in a given time-point, the bonferroni corrected Mann-

Whitney U test was implemented. To test the significance in one group between time-points 

the Kruskal -Wallis test with Games – Howell post hoc was used because equal variance 

was not assumed. Wilcoxon rank sum test was performed for osteoid volume evaluation. 

Wilcoxon test is a non-parametric test used when comparing two related measurements (e.g. 

bone volume and osteoid volume) on the same sample (e.g. fracture callus) to assess 

whether the rank of the population means differ. P-values of less than 0.05 were chosen to 

indicate an exact two-sided significance. Data were exhibited in graphs as means ±SEM.
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RESULTS 

Breeding and genotyping 

Genotyping is crucial in every breeding step to avoid incorrect pairing. PCR was used to 

verify the transgene presence in mice. After running the Nf1 primer set, P1+P2 results in a 

300pb long amplicon. This indicates the deletion of the Nf1 floxed gene (Fig. 7 A). Nf1 

primer set P1+P3 results in a 500bp amplicon, which indicates the wild-type (non-floxed) 

Nf1 gene (Fig. 7 B). Cre primer set Cre1+Cre2 results in a 700bp amplicon and states 

whether a mice is cre positive or cre negative. Accordingly, mice were sorted into wild-

type, homozygous floxed, or heterozygous floxed mice. Wild-type mice responded only to 

P1+P3 primers, while homozygous mice responded to the primer set P1+P2 only. To be 

crossbred with the homozygous female, desired males shall be heterozygous and Cre 

positive. Therefore, their genomic DNA resulted in three described band lengths (300 bp, 

500bp, and 700bp). In total, some 400 mice from twelve breeding cages were genotyped 

to acquire the 90 experimental mice. 

 

Figure 7: Breeding of Nf1Prx1 mice relies on precise genotyping. (A) Nf1-floxed allele has a 300bp band on 
agarose gel. (B) Wild-type allele has a 500 bp band on agarose gel. Homozygous flox mice show only a 
300bp long amplicon. 

Decreased mechanical competence of fracture callus in Nf1Prx1 mice 

A preliminary study of the mechanical properties was initially carried out in which intact 

femurs were investigated by torsional testing. Difference in bone length was taken into 

consideration. Nf1Prx1 intact femurs were found to be significantly weaker than the 

control’s group for both torsional stiffness (p = 0.044) and ultimate torque at failure (p = 

0.019; Fig. 8 A). Poor bone quality adds to Nf1Prx1 mice model recapitulation to patient 

symptoms. Biomechanical properties of the fractured bone were examined in both control 
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and Nf1Prx1 mice1; results were normalized against results obtained from the intact 

contralateral femora from the same mice. The Nf1Prx1 group showed lower torsional 

stiffness with a trend at D14 (p = 0.053) and a significantly lower torsional stiffness was 

observed in Nf1Prx1 group at D21 (p = 0.01; Fig. 8 B). In addition, lower ultimate torque at 

failure was seen at D21 (p = 0.027; Fig. 8 C). 

 

Figure 8: Mechanical competence of intact bone and fracture callus normalized to the mechanical 
competence of the intact contralateral side at D14 and D21. (A) Nf1Prx1 mice intact bone appeared weaker 
than the controls. (B) The torsional stiffness correlates with the level of new bone formation within the 
callus. The fully bridged control callus showed significantly higher torsional stiffness [%] than non-bridged 
Nf1Prx1 callus at D21. (C) Ultimate torque at failure [%] reflects biomechanical strength of the healing sites. 
The control callus showed significantly higher ultimate torque at D21. Both parameters reflect significantly 
lower callus stability in Nf1Prx1 mice (* = p ≤ 0.05, N = 8). 

The compromised mechanical competence urged the exploration of callus geometry and 

the qualitative parameters of its bone content. Therefore, µCT analysis was performed. 

µCT analysis is a dependable, accurate method to assess bone callus formation and a 

variety of its properties; moreover, the 3D reconstruction provides a detailed visualization 

of callus plains. 

Affected formation and progression of Nf1Prx1 mice callus in µCT 

Visualization of callus 

To determine how callus formation and structural progression are affected due to Nf1 loss, 

µCT scan of femoral fractures in Nf1Prx1 and control mice were performed at consecutive 

stages. Reconstruction of µCT scan slices allowed a visual evaluation of fracture callus of 

both groups. A representative image for each time-point was selected (Fig. 9 A and B). 

The figure illustrates a frontal section (left), a 3D view (middle) and a transverse section 

(right). Healing progression in the control mice showed an increase in callus size after one 

week of the fracture. D7 frontal images of control mice callus show tissue building along 

1Examination was carried out by a Mark Hayland a diploma student detailed methodology in appendix R. 
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the cortical bone adjacent to the fracture site (Fig. 9 A, D7). This is clearer in the 3D 

image (middle) and the frontal image. At D10, control mice callus continued to increase in 

size and showed thicker cortical bone and a higher density in the tissue at the fracture site. 

Reconstructed images of the control mice fracture at D14 show a large callus enclosing the 

fracture gap. Further, mineralized areas were seen around the callus. At D21, a fully 

bridged, solid bony callus was formed in the callus of the control group. 

On the contrary, the Nf1Prx1 callus appeared strikingly smaller than the control’s group 

starting at D7 and throughout to D21. Moreover, the 3D visualization of the mutant femur 

exhibits a coarser and more porous surface than that of the control. In Nf1Prx1 mice, D10 

callus formation was even smaller than the controls but cortices were thickened, distant 

from the fracture site. Furthermore, while the fracture gap was bulky with high density, 

Nf1Prx1 mice callus structure at D14 was smaller and more compact via the thicker 

cortices. Mineralization spots were observed near the thickened cortical bone. 

Nonetheless, the callus enclosed the fracture gap but no mineralization areas are seen 

around the callus. In contrast, of the control callus, at D21 the Nf1Prx1 fracture callus 

remained non-bridged, despite the immensely thickened cortical bone.  

Quantitative analysis of fracture callus 

Callus total volume (TV) identifies the newly formed tissues above a pre-set threshold. At 

the initial examined time-points D7 and D10 the Nf1Prx1 mice callus TV were on the 

average larger than in the control group (p = 0.001 and p = 0.027, respectively; Fig. 10 A). 

At later stages (D14 and D21), the callus TV was decreased in the mutant mice when 

compared to the controls, (p ≤ 0.001) at both time-points. However, comparing TV over 

the time-points within the same group showed a significant increase at D14 compared to 

D10 in the control group (p = 0.008), while in the Nf1Prx1 mice group TV was decreased at 

D14 when compared to D10 (p = 0.037). Callus bone volume (BV) identifies the newly 

formed mineralized tissue. Values increased steadily along the healing progress and 

throughout to D21 in the control group (Fig. 10 B). Nf1Prx1 mice callus bone volume at D7 

and D10 was increased compared with the control group (p = 0.04, and p ≤ 0.001, 

respectively). At D14, no significant difference between control and mutant was noted. 

However, callus BV in the Nf1Prx1 mice dropped dramatically at D21 and was lower than 

the control (p ≤ 0.001). Nonetheless, BV between time-points in every group was 

compared. The control mice showed a significant increase in BV from D7 to D10 (p = 
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0.043) and from D14 to D21 (p = 0.008). In contrast, the mutant mice showed an increase 

in callus BV from D7 to D10 (p = 0.049), while it showed a decrease in callus BV from 

D14 to D21 (p = 0.034).
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Figure 9: Comparison of Nf1Prx1 mice fracture callus with the control. µCT imaging evaluated callus 
geometry and pattern. Representative images visualized callus on D7, D10, D14, and D21 post-fracture 
(coronal section (left), 3D view (middle) and transverse section (right)). (A) Control callus appeared larger 
than Nf1Prx1 callus at all time-points. D7 control callus showed small cortical thickness. D10 showed 
compact callus with filled fracture gap. D14 control callus was large with defined mineralized tissue 
patches. D21 callus revealed bony-bridged callus. Nf1Prx1 callus D7 was smaller than controls. D10 showed 
initial thickening of cortices far from fracture. D14 Nf1Prx1 callus was smaller, more compact with tissue; 
more mineralized tissue spots are located on the periosteal surface. D21 Nf1Prx1 callus exhibited no 
bridging, in spite of increase in mineralization of periosteal surface. Thus indicating cortical thickening and 
impaired healing. (Scale bar = 1 mm). 

Callus bone mineral density (BMD) measures the volumetric density of tissue. BMD 

measures the fraction of volumetric density computed in milligram hydroxyapatite per 

volume (mgHA/cm3) within only the newly formed callus tissue. In other words, it 

volumetrically measures mineralization in the callus total volume. This volumetric density 

was significantly lower in the mutant mice when compared with the controls at all 

investigated time-points (p ≤ 0.001; Fig. 11 A). 
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Figure 10: Scanco evaluation software used to quantify µCT-based measurement. Total Callus Volume (TV) 
measures newly formed tissue (no cortical bone); Bone volume (BV) determines fraction of mineralized 
tissue in total callus volume. (A) Unexpectedly larger TV of Nf1Prx1 at D7 and D10 compared with control; 
at D14 and D21, mutants' TV callus was significantly smaller than in the controls. In-group significance was 
seen between D10 and D14 in both mutant and control groups. (B) BV demonstrated development of healing 
in control mice; the steadily increased volume in the control group reflects standard healing. Nf1Prx1 
mineralized fraction was noticed to decrease at D21. In-group comparison shows significance between (D7 
and D10), and between (D14 and D21) for both groups. (* = p ≤ 0.05, N = 8). 

However, in-group comparison BMD at every time-point showed a significant increase 

between D7 and D10 in the mutant mice (p = 0.024). 

Tissue mineral density (TMD) also measures bone volumetric density of tissue but only of 

the tissue considered as bone. In other words, it volumetrically measures mineralization in 

the newly formed mineralized tissue. The TMD of the control group decreased gradually 

but not significantly along the successive time-points. On the contrary, the Nf1Prx1 group 

showed higher TMD values at D7 compared to the control group (p = 0.008). TMD then 

dropped dramatically at D10 to become lower than the control (p ≤ 0.001). TMD then 

increased at D14 and D21. Over the healing progress in Nf1Prx1, mice fracture callus TMD 

was significant between (D7 and D10) and between D10 and D14 (p ≤ 0.001, p = 0.02; 

respectively Fig. 11 B). µCT analysis-perceived differences require complementation on 

the tissue and cellular level. The most convenient, robust and time and cost effective 

method for such a follow up is histology. Several techniques aid this aim as pentachrome, 

trichrome and even dichrome stains. Cellular specific visualization is possible by means of 

immunohistochemistry. 

 

µCT analysis-perceived differences require complementation on the tissue and cellular 

level. The most convenient, robust and time and cost effective method for such a follow 

up is histology. Several techniques aid this aim as pentachrome, trichrome and even 
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dichrome stains. Cellular specific visualization is possible by means of 

immunohistochemistry. 

 

 

Figure 11: Scanco evaluation software used to quantify µCT-based measurement. (C) BMD demonstrates 
lower mineral volume in Nf1Prx1 callus compared with controls at all times; in-group significance between 
D7 and D10 for both is shown. (D) TMD at D7 exhibits higher values of Nf1Prx1 mice than controls, and then 
less at D10, and after that, no difference was seen. In-group significance between (D7 and D10), (D10 and 
D14) was clear in the mutants. (* = p ≤ 0.05, N = 8). 

 

Decreased mineralization and persistent cartilage formation 

Descriptive histology 

Movat pentachrome staining was used to quantify dimensions and distribution of callus 

tissue. Histomorphometric methods were used to quantify cartilaginous fraction including 

zones of hypertrophic chondrocytes as well as ossified regions at the periosteal bone 

surface area in fracture callus. In addition, accurate and detailed description of bone 

healing process complements the quantitatively obtained results. 

For D7, the control group mice presented a large cartilaginous callus (green-blue) with 

periosteal calcification (yellow) starting adjacent to the cartilage borders. Cortical surface 

appeared undulatory, indicating resorption. The large callus was composed equally of both 

proliferating and hypertrophic cartilage. Rare and scattered mineralization spots in the 

hypertrophy were noticed. The callus covering the periosteal surface was mainly 

cartilaginous. Immature woven bone was formed in small portions along the distal and 

proximal ends of the callus. Hematoma was located mostly in the endosteal area (Fig. 12 

A). Callus tissue in the control mice increased in size at D10. Cortical bone appeared more 
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deformed, and thus it indicates more active resorption. The yellowish areas increased in 

the cartilaginous callus, thus indicating initial mineralization within the periosteal callus 

regions. Cartilage and hypertrophic cartilage are present in the callus. Hypertrophic 

cartilage was found at the proximal and distal sides, closer to the periosteal surface. 

Cartilage dominated the center and outer borders of the callus area. Hematoma was seen 

less pronounced and limited to the fracture gap. Woven bone formation occurred distally 

and proximally directly on the periosteal surface (Fig. 12 B). 
 

 

Figure 12: Movat pentachrome staining provides an overview of bone healing in fracture callus. (A) Control 
mice at D7 show large cartilaginous callus composed equally of both proliferating and hypertrophic 
cartilage (left). Periosteal calcification started at the cartilage borders. Cortical surface appeared 
undulatory indicating resorption start. (B) Control mice callus at D10 showed undulatory cortical bone 
pointing active resorption (left). Initial mineralization appears yellow in areas of hypertrophic cartilage 
(upper-right). Periosteal surface calcification increases than D7 forming woven bone (lower right). (Scale 
bars, black = 200 µm, red=500 µm, cartilage (green-blue) and mineralized tissue (yellow), N = 8). 

 

Callus size in the control mice increased further by D14. Total cartilage fraction became 

smaller. Patches of hypertrophic cartilage differentiation were abundant throughout the 

callus tissue. However, cartilage remains were seen on the callus outer borders. 

Interestingly, ossification occurred mainly on the periosteal surface of the cortical bone. 

Newly formed woven bone was increased. Remains of hematoma in the fracture gap 

located mainly between the fractured cortical edges (Fig. 13 A). 

Control mice at D21 presented decreased callus size. Only remnants of cartilaginous areas 

were observed, limited to the fracture gap. The mineralization of the whole callus was still 

incomplete. Nevertheless, the callus borders were fully mineralized and bony bridging of 

the cortexes was seen. Two mice showed fully bridged cortices. Taken together, the 

control mice at D21 showed fully bridged callus (Fig. 13 B). Compared to the normal 

fracture repair process, formation of the cartilaginous callus in the Nf1Prx1 mice was 
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severely diminished. Only small and weakly stained cartilaginous rudiments were formed 

by D7. A major part of the callus tissue was stained with dark green color with reddish 

smear, which is different from the expected turquoise-green color of the cartilage (Fig. 14 

A). At this stage, the fracture gap in the Nf1Prx1 callus was filled with fibrous tissue. 

 

Figure 13: Movat pentachrome staining provides an overview of bone healing in fracture callus. (A) At D14 
after fracture, control mice callus showed reduced proliferating cartilage fraction (left), while hypertrophic 
cartilage was increased (upper-right). Mineralized areas also increased. Resorption of cortical bone and 
formation of new woven bone were both increased (lower right). (B) Bony bridged callus was seen at D21 in 
all control animals, lamellar bone formation was also seen (upper right) and callus is almost completely 
calcified (black) with no cartilage residues (lower right). (Scale bars, black = 200 µm, red=500 µm, 
cartilage (green) and mineralized tissue (yellow), N = 8). 

 

Interestingly, defective cartilage formation was accompanied by intense cortical 

ossification on both periosteal and endosteal cortical bone surfaces. In spite of this, 

ossification on the cortical surface was the significant part of the whole callus 

mineralization and it occurred distant to the fracture gap. 

Periosteal bone formation at D10 was more visible than at D7. A notably thick layer of 

newly formed bone covered both sides of cortical bone. The fibrous tissue presence in the 

callus tissue increased. Intriguingly, mineralization spots were not restricted to the 

hypertrophic cartilage. Integrally, most mineralization spots were located within the 

fibrous tissue on the cortical bone surface (Fig. 14 B).  

The distorted healing continuum persisted at D14. Thicker periosteal ossification 

accompanied the presence of fibrous tissues in the fracture gap. Scarce and irregularly 

distributed hypertrophic cartilage zones were observed (Fig. 15 A). Importantly, at D21 

Nf1Prx1 callus was dominated by fibrous tissue. Only at the cortices, a thickened layer of 

periosteal bone formed was visible which, however, did not contribute to a bridging of the 

fracture gap (Fig.15 B). 
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Figure 14: Nf1Prx1 mice callus is characterized by fibrous callus and thickened cortices at the early stages of 
healing. (A) D7 after fracture showed small cartilage areas in the callus (left).Cortical bone showed regions 
of less mineralization (pink, upper-middle). Periosteal surface of cortical bone showed ossification areas, 
which thickened the cortices (lower middle). Large areas of the callus were filled with fibrous tissue either 
within the callus (upper-right) or near the cortical bone (lower-left), these are also greenish in color and are 
not to be confused with the cartilage. (B) Cartilage area increased in callus at D10 (left). Cortical bone 
surface began to deform indicating resorption (upper-middle) and periosteal surface ossification increased 
(lower middle). Fibro-cartilaginous tissue had scarce presence of hypertrophic cartilage (upper-right). 
Fibro-cartilage area increased also on cortical bone surface and showed random mineralization patches 
(lower right). (Scale bars, black = 200 µm, red=500 µm, cartilage (green-blue) and mineralized tissue 
(yellow), N = 8). 

 

 

Figure 15: Nf1Prx1 mice callus showed increased ossification of periosteal surface and persistent cartilage 
and fibrous tissue at the later stages of healing. (A) Ossification of periosteal surface increased at D14 
(left). Cortical bone was more undulatory than D10 (upper-middle). Cartilaginous tissue layers were 
noticed on some of the cortical bone and the woven bone surfaces (lower middle). However, the fibrous 
tissue also persisted in the same regions of cartilage (upper-right). Mineralization spots with in the fibro-
cartilaginous tissue were abundant while the hypertrophic cartilage areas were sparse. (Scale bars, black = 
200 µm, red=500 µm, cartilage (green-blue) and mineralized tissue (yellow), N = 8). 

 

Histomorphometry: a quantitative analysis of fracture callus 

Descriptive histology gave the first impression of the healing progression. This qualitative 

analysis was complemented by a quantitative one. This semi-automated quantification 
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described in the methodology sorts tissue types according to color. The standard 

measurement interprets green as cartilage and yellow as ossified tissue. Therefore, green 

color area is considered the total cartilage fraction whereas yellow colored area is 

considered the total ossified tissue area. However, descriptive histology showed that in 

Nf1Prx1 callus tissue, not all green colored tissue was cartilage; the fibrous tissue was as 

well greenish. The yellow colored tissue was not specific for ossified tissue, 

mineralization patches were noticed in the fibrous tissue too. Periosteal ossification was 

less in the control than in the Nf1Prx1 where it forms the major yellow colored tissue. 

Therefore, the cartilage tissue (TCg) was hand contoured and quantified. Further endosteal 

calcified tissue was not observed in the control callus. Therefore, for comparison the 

ossified regions at the periosteal bone surface (Ops) of the callus were assessed. 

The total cartilage fraction in the control group callus was highest at D10 and declined 

thereafter over time (Fig. 16 A). Compared to the control, the Nf1Prx1 callus cartilage 

fraction was dramatically reduced, by 90% at D7, by 70% at D10 and by 75% at D14. 

These proportions were inverted at D21 at which time-point in the control mice most of 

the callus cartilage was replaced with the newly formed bone, whereas cartilage persisted 

in the Nf1Prx1 mice (Fig. 16 A). Thus, compared to the control group, the Nf1Prx1 group 

showed lower total cartilage fraction at D7, D10, and D14 callus, (p = 0.002, p = 0.0048, p 

= 0.009; respectively) and a higher value at D21 (p = 0.021). 

In the control mice, ossified regions at the periosteal bone surface (Ops) reached a peak at 

D14 and declined thereafter (D21), likely due to remodeling processes. The Ops was 

significantly increased in the Nf1Prx1 mice compared to control mice at all tested time-

points (D7, p = 0.002; D10 p = 0.0022; D14, p = 0.0030; D21, p = 0.0036; Fig. 16 B). 

Thus, Nf1Prx1 mice showed a delay of fracture healing which was characterized by 

diminished initial cartilaginous callus formation and persistence of the cartilage at D21. 

These changes were accompanied by increased periosteal ossification, but bridging was 

not achieved within 21 days post fracture.  
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Figure 16: Histomorphometry of Movat pentachrome staining performed to quantify total cartilage fraction 
(TCg) and ossification of periosteal surface (Ops) both normalized to the callus size. Control callus revealed 
continuous decline of cartilage fraction (A) due to hypertrophy and endochondral ossification. Nf1Prx1 callus 
shows a smaller cartilage fraction on both D7 and D14 compared to control, a higher value indicated the 
persistent cartilage fraction at D21 (* = p ≤ 0.05). Ossified regions at the periosteal bone surface (B) 
increased to peak at D14 in controls were then reduced at D21 due to remodeling. Although, Nf1Prx1 (Ops) 
shows the same pattern (peaked at D14 then declined), values were significantly higher (* = p≤ 0.01) 
compared with controls at all times (N =8). 

 

However, the following figure (Fig. 17) illustrates a direct qualitative comparison of 

healing progression in both groups. This direct comparison would highlight major 

differences between the two experimental groups. The increase in periosteal ossification 

along the time-points and the reduced cartilage fraction are clearer when compared 

directly to the control mice. Nonetheless, these findings require closer examination of 

involved cell types, in the next section we addressed bone resorption mediated by 

osteoclasts through specifically staining them.  

46 



RESULTS    

 
Figure 17: Movat pentachrome staining used to distinguish cartilage (turquoise-green) and mineralized 
tissue (yellow) in fracture callus. Nf1Prx1 mice were compared with the control mice. Control callus 
progressed with large cartilage fraction at D7 (D7 A and B’) with minimal periosteal calcification near 
callus borders. At D10 (A and B) initial mineralization of cartilage is indicated through the yellowish stain, 
mild increase in periosteal calcification is seen (D10 B). Hypertrophic cartilage differentiation started at 
D14 on both cortical sides (D14 A and B). Bony bridging of callus and remodeling of cortical bone are 
observed at D21 (A and B). Nf1Prx1 callus show a dense periosteal calcification was domineered on both 
sides of the cortical bone (D7 A’), an excessive fibrous tissue and diminished cartilage fraction at D7 were 
noticed (D7 B’). At D10, prevailing periosteal calcification is seen with continual fibrous tissue (D10 A’ and 
B). D14 Nf1Prx1 callus, periosteal calcification increased (D14 A’), fibrous tissue persisted, and small 
cartilage fraction with minute irregular hypertrophic zones revealed (D14 B’). At D21 periosteal 
calcification intensifies, persistent cartilage with hypertrophic zones and partial fibrous tissue are observed 
(D21 A’ and B’). (b: bone, c: cartilage, hc: hypertrophic chondrocytes, fc: fibrous cartilage, ft: fibrous 
tissue, arrow: periosteal calcification, scale bars, black = 200 µm, red = 500 µm). 
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Increased count of TRAP positive osteoclasts in the callus of Nf1Prx1 mice 

To investigate the resorption capacity throughout the healing, bone sections were stained 

for an assessment of tartrate resistant acid phosphatase (TRAP) activity. Osteoclasts are 

stained pink due to an enzymatic reaction. For a statistical evaluation of the counted 

osteoclasts, these were normalized to the callus area. Multinucleated TRAP positive cells 

were more abundant in the Nf1Prx1 callus than in controls starting with D10; they were 

highest at D14 (Fig. 18 A and B, D7, no significance; D10, p = 0.018; D14, p = 0.008; 

D21, p = 0.002). Intriguingly, most of the TRAP positive cells in the Nf1Prx1 callus 

appeared to be localized within fibrous tissue and not on the bone surface, as they were 

located in the control mice (Fig. 18 A). However, those osteoclasts were not included in 

the statistical analysis. 

 

Figure 18: Inactivation of Nf1 results in increased osteoclasts numbers. (A) TRAP / methyl green staining 
shows osteoclasts in the control mice and Nf1Prx1 mice calluses on the bone surface, however, more TRAP 
positive cells were partially located far from the bone surface in the Nf1Prx1 mice callus. (B) Increased 
osteoclasts number early at D10 in Nf1Prx1 mice compared to controls (* = p ≤ 0.05) despite their similar 
pattern. (OC=osteoclasts, B=Bone, scale bar black=50 µm, red=200 µm. N =8) 
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Increased osteoid volume in Nf1Prx1 mice callus 

Undecalcified bone sections maintain the genuine status of mineralized tissues. Safranin O 

/ Von Kossa staining is a stain developed to evaluate mineralization. Only time-point D21 

was analyzed and larger mineralized tissue patches was revealed in the controls (Fig. 19 

A). Another stain was used to define specifically the unmineralized tissue in the mutant 

callus. Van Gieson / Von Kossa stain specifically differentiates mineralized tissue (black) 

and osteoid tissue pink (Fig. 19 B). Capability of mineralizing the extracellular matrix was 

indicated by osteoid surface versus bone surface. A dramatic increase of osteoid was 

noticed in the mutants (Nf1Prx1 OV / BV = 2.9 ± 0.81; control = 0.21 ± 0.017, p = 0.028). 

Osteoid was also thickened on the cortical bone in Nf1Prx1 mice (Fig. 19 C). Furthermore, 

these data support the notion that endochondral bone formation within the Nf1Prx1 mice 

callus is impaired but the cortical bone formation is intensified. 

As osteoid is produced by osteoblasts, we were encouraged to examine the differences in 

osteoblasts count and location between the control mice and the mutant mice. 
 

 

Figure 19: Alterations of mineralization and osteoid formation detected by staining undecalcified callus 
tissue at D21. (A) Decreased mineralization was defined in the Safranin O / Von Kossa stained sections. (B) 
Overview of fracture callus formation at D21 in both mutant and control mice using the osteoid specific 
stain. Von Kossa / Van Gieson (C) Osteoid specific stain Van Gieson / Von Kossa revealed evident increase 
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in osteoid volume. The evaluation shows the relation of osteoid volume to bone volume as larger in Nf1Prx1 
than the controls (p ≤ 0.05). (D) Cortical bone also shows increased osteoid volume in the mutants 
compared with the controls. (Mineralized tissue (black), osteoid (pink) and connective tissue (red), scale 
bar= 500 µm, N = 8) 

Immunohistochemistry  

Increased osteocalcin positive osteoblasts in Nf1prx1 mice 

Osteocalcin is a specific marker for active osteoblasts [129] and it is commonly as a marker 

for the bone formation process. Positively stained osteoblasts were quantified within the 

fracture gap and at the periosteal surface of the callus. In general, osteocalcin positive cells 

were found in the areas of newly formed bone (Fig. 20 A). In the fracture gap, control mice 

showed that the osteoblasts count increased from D7 and D10 to D14 before decreasing at 

D21. In the Nf1Prx1 mice fracture gap, the numbers of osteoblasts started high at D7 and D10 

before dropping down at D14 and D21. Beside the different patterns, when the two groups 

are compared throughout the healing process, fewer osteoblasts were detected within the 

fracture gap of the Nf1Prx1 when compared with the control (D7, no significance; D10, p = 

0.043; D14, p ≤ 0.001; D21, p ≤ 0.001; Fig. 20 C).  

As we noticed an increased ossified region on the periosteal surface in the Movat 

pentachrom staining, osteoblasts on the periosteal surface were also counted.  

Detected osteoblasts on the periosteal surface in the control mice were almost unchanged 

throughout the healing. The number of osteoclasts increased from D7 to D10, In the Nf1Prx1 

mice, reaching the highest counts at D14 before dropping at D21, in a pattern similar to the 

osteoblast number in the fracture gap of the control mice.  

Interestingly, osteoblasts counts were significantly increased in the Nf1Prx1 mice callus in the 

ossified regions on the periosteal surface at all time-points (p ≤ 0.001 for all; Fig. 20 B and 

D) when compared to the control mice. 

Moreover, increased vascularization is known to induce osteogenesis. Results of osteoblast 

labeling are complemented with the examination of endothelium-derived cells, which 

represent blood vessels. 
 

Blood vessels visualization using factor VIII indicates increased vessels count in the 

Nf1Prx1 mice callus tissue 

Analysis of callus vascularization was performed using vessel specific factor VIII staining 

(Fig. 21 A). Factor VIII is a glycoprotein produced by endothelial cells, the lining cells of 

vessels. Vessels were hardly detected in the cortices and bone marrow, and were counted 
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in the formed callus. Moreover, vessels found in the muscle tissue surrounding bone were 

excluded. Vessel counts showed noticeable differences between the two experimental 

groups. The vessels number decreased from D7 to D10 in the controls; at D14 and D21, no 

vessels were detected. Nf1Prx1 callus showed vessels at all time-points with a peak by D10. 

Factor VIII positive cells forming a vessel showed a significantly increased number of 

blood vessels in the Nf1Prx1 fracture compared with the controls at all time-points (D7, p = 

0.05; D10, p = 0.020; D14, p ≤ 0.001; D21, p ≤ 0.001; Fig. 21 B). However, it was noticed 

that the counted vessels were located in the fibrous mass tissue in the Nf1Prx1 mice. 

In order to specify the type of tissue in those regions where osteoblasts and endothelium 

cells are located, we implemented in situ hybridization. We investigated type one and type 

two collagens to detect bone or cartilage, we also detected osteopontin as a marker for 

immature osteoblasts. 

51 



RESULTS    

 

Figure 20: Loss of Nf1 results in an increased number of osteoblasts at the periosteal surface regions of 
cortical bone in fracture callus rather than at the fracture gap. (A) A representative histograph at D14 of 
specifically stained active osteoblasts by osteocalcin / methyl green staining shows osteoblasts in Nf1Prx1 
fracture compared with control mice. (B) Representative overview histograph showing more osteocalcin 
labeled areas on the periosteal surface of the mutant’s cortical bone compared with the control. (C) In the 
fracture gap, highest count of osteoblast was at D14 in the controls, fewer osteoblasts were found in the 
fracture gap of Nf1Prx1 mice at all time-points. (D) Excessive osteoblast numbers at the periosteal surface of 
Nf1Prx1 callus against control callus; both groups show highest in-group counts of cells at D14.(B= bone, 
OB= osteoblasts, pink= osteocalcin labeled, green= counter staining, scale bar =500 µm, N = 8) 
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Figure 21: Factor VIII / methyl green staining depicts vascularity at D10 post fracture. (A) Control mice 
showed vessels only at the beginning of the healing (D7 and D10); later on, no vessels were detected. Nf1Prx1 
mice showed vessels at all time-points and were highest at D10. The majority of detected vessels in the 
mutant were found in the persisting fibrous tissue. (Pink =labeled vessels, green=counterstaining, B=bone, 
BV= blood vessel, scale bar=500 µm)  

In situ hybridization indicates periosteal surface bone formation and delayed 

cartilage formation in Nf1Prx1 mice 

In situ hybridization detects mRNA presence in a given tissue. Type-I collagen (Col I) is an 

abundant collagen in the organic part of bone. In other words, Col I marks the production of 
53 
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bone matrix by osteoblasts and osteocytes. In the control mice, no signal was detected at D7 

in the control mice. A rather week but visible signal was seen on the periosteal surface in 

control mice at D10. Intriguingly, a signal also appeared on the outer callus border at D10 in 

the control mice. At D14, a weakened signal was detected in the control mice callus, and the 

signal scattered around the callus area Col I was also detected at D21 control mice callus. 

The mice showed a strong signal of Col I filling the fracture gap and outer callus shell (Fig. 

22, D21, control). The pattern seen in the Col I signal in the control mice callus indicates – 

through translation of specific mRNA – a start of bone matrix protein-production between 

D7 and D10. However, D14 states a transition where bone matrix protein genes are less 

expressed, whereas this expression increased at D21 the fracture gap thus continuing the 

callus bridging. 

In the mutants, Col I depicted an expression signal of bone matrix proteins at D7; however, 

the signal extended thickly along the cortical surface from the distal to the proximal end of 

the small sized callus. As the healing progressed to D10, Col I persisted at the cortical 

surface in the Nf1Prx1 mice callus. At D14, a generally less strong signal was identified at the 

callus border and weaker near the cortical bone. Interestingly, at D21 the signals starts to 

appear around the callus area in a pattern similar to that of D10 control mice callus. 

Type-II collagen (Col II) is the major component of cartilage produced by small 

proliferative chondrocytes [130]. Col II mRNA intensity and localization visualized the 

cartilage composing protein. Cartilage fractions were obvious at both time-points in the 

control mice and intensified strongly at D10. This indicated an increased cartilage formation 

despite lack of signal directly at the fracture site. However, it was located at almost all other 

callus tissue regions (Fig. 23 A). Nf1Prx1 mice callus showed negligible signal points at both 

D7 and D10. 

The main differences between the two experimental groups in Col I and Col II signals were 

at D10. Therefore, we tested for osteopontin (Opn). Secreted osteopontin (also known as 

phosphoprotein1) is an important extracellular matrix protein expressed by immature 

osteoblasts [131]. Opn is a regulator of the mineralization process, expressed by osteoblasts 

in advance to mineral deposition [132]. Both control and Nf1Prx1 mice showed positive 

signals at D10. The signals were located closer to the fracture gap in the mutant but more 

laterally in the control callus tissue. 
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Figure 22: In situ hybridization of type I collagen in bone callus tissue. Nf1Prx1 mice bone matrix production 
after fracture varies from the control mice. Col I indicated progressive bone matrix formation starting 
weaker at the cortical bone surface at D10 and becoming stronger at D21 and located in the gap of the 
fracture callus of control mice. In the Nf1Prx1, signals were presented from D7 on bone periosteal surface at 
all time-points. (Blue= positive signal, scale bar=100 µm, N = 8) 
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Figure 23: In situ hybridization of type II collagen, and osteopontin in bone callus tissue. (A) Col II 
hybridization signal indicated an increase in the cartilage fraction from D7 to D10 in the control mice. A 
delayed cartilage formation in the Nf1Prx1 mice was anticipated and indicated by the almost absent cartilage 
fraction at D7 and D10. (C) Opn is expressed by osteoblasts prior to mineralization, at D10 in both groups. 
(Blue= positive signals, scale bar=100 µm, N = 8). 

 

a- SMA staining characterizes abundant cell type in the fibrous tissue of Nf1Prx1 

mice callus 

Smooth muscle alpha actin (a-SMA) is produced in myofibroblasts, which exhibit 

contractile properties. Myofibroblasts are cells of yet uncertain origin. They are implicated 
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in skin wound healing and keloid disease [133,134]. Stain credibility of a-SMA is shown via 

stained vessels (green). Muscle cells are differentiated by myosin (red) and have a nucleus 

stained with DAPI (blue). The control mice specimens revealed a-SMA positive cells in the 

fracture fibrous tissue and in the bone marrow space at D7 and to a lesser degree at D10 and 

D14. However, these cells were no longer detected at D21 in the control callus specimens 

(Fig. 24 A, and A’). In the Nf1Prx1 mice, a-SMA positive cells were abundantly present in 

the fracture gap at D7 and D10 and could still be detected throughout D21. Clearly, 

myofibroblasts constitute a prominent cell population contributing fibrous tissue to the 

fracture gap in Nf1Prx1 mice. 

 

Figure 24: Loss of Nf1 caused prevalence of myofibroblast-like cells within the Nf1Prx1 callus. a-SMA is 
specific for myofibroblasts characterization (green). (A) Control callus showed more a-SMA positive cells at 
D7, fewer at D10 and D14, and none at D21. (B) a-SMA positive cells were visualized intensely at all time-
points in Nf1Prx1 in comparison with the controls. Qualitatively, a-SMA indicates a higher number of 
myofibroblasts than that of other cell types in the fracture callus of Nf1Prx1. (A’ and B’ are magnified views 
of the white-boxed region). (b=bone, c=cartilage, m=muscle, h=hematoma, mf=myofibroblasts, v=vessels, 
scale bar=A and B=200 µm, A’ and B’= 100 µm, N = 8). 
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Muscle fascia and the fracture site in Nf1Prx1 mice 

An important observation was made in the Movat pentachrome stain of Nf1Prx1 callus at all 

examined time-points (Fig. 25 A). A tissue of yet undefined cells appeared within the 

muscles surrounding the fracture gap (Fig. 25 A, red arrows). The tissue was observed to 

continue into the fracture callus. Several histological stains were used trying to identify the 

type of this tissue and its cells. As it was observed within the muscle, the muscle-specific 

antibody desmin was used (Fig. 25 B, left). The desmin stain was not specific for tissue, 

excluding that the cell type within this tissue are myoblasts. However, the tissue was 

stained with counter stain Mayer's hematoxylin, which was then applied to impart a 

blue/black color to the nuclei. Nonetheless, the counter stain indicated increased cell 

counts in the observed tissue (second from the left, red arrow). Van Gieson stain was then 

tried out; the stain differentiates muscle from connective tissue and collagens. Still, no 

identification was achieved. Van Gieson also shows increased cell numbers in the 

observed tissue (second from the left, red arrow). The two stains were performed on 

paraffin sections. Therefore, to exclude the influence of decalcification PMMA sections 

were stained with Van Gieson / Von Kossa (Fig. 25 B, third from the left) again only 

increased cell numbers in the tissue with the counter staining was observed. To determine 

the origin and direction of the tissue, desmin stain was performed on the contralateral 

intact femur. Interestingly, the undefined tissue was present without injury within the 

muscle of Nf1Prx1 mice. In the intact bone, the tissue was located at the periost and 

appeared as a thick overlaying arrangement of cells (Fig. 25 B, right, red arrow). Later on, 

the tri-chrome staining (GRA) was also tested (Fig. 25 C). The stain was made to 

differentiate bone, cartilage and muscle bone appeared blue, muscle deep red, collagens 

appear light red. The GRA stain could not help in differentiating this tissue type, however, 

it showed a better differentiation of the tissue within the muscle tissue (Fig. 25, C right).  
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Figure 25: Representative paraffin sections of the muscle tissue (m) in proximity to the fracture site in the 
Nf1Prx1 mice. (A) The Movat pentachrome method denoted muscle fascia hypertrophy (red arrows) and the 
ectopic fat deposits in between muscle fibers (blue arrows). (B) Nf1Prx1 fracture site at D14 (underlined red) 
stained with anti-desmin to label adjacent muscle tissue, Mayer's hematoxylin was used as counter stain 
(left). Van Gieson staining of Nf1Prx1 paraffin sections at D14 defines bone and muscle (middle), and PMMA 
sections of D14 mutant mice stained with Van Gieson / Von Kossa, showed osteoid, bone and muscle; 
however all three failed to define the fascia tissue. To the far right, anti-desmin muscle labeling on intact 
femur shows the presence of the fascia within the muscle before the injury (C) GRA tri-chrome staining of 
Nf1Prx1, show parts of the muscle tissue cells appear to emerge from the muscle fascia and enter the fracture 
gap. Red spots on the cortical bone indicated less mineralized bone matrix. (m = muscle, scale bare = 500 
µm, N = 4). 

Quantitative real time polymerase chain reaction (qPCR) 

The expression of several genes was determined by qPCR. Results showed expression 

differences between the two groups normalized to Cyp A gene expression. Type I collagen 
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(Col I) was tested because it is forms approximately 90% of the bone organic matrix. 

Moreover, osteoblasts interact with and bone matrix proteins including Col I. this 

interaction is important for differentiation and function of osteoblasts. One example of 

such interaction that falls in the focus of this thesis is the interaction between β1 integrins, 

and type I collagen, which plays a key role in differentiation and function of osteoblasts 

via the activation of the MAPK signaling pathway [135]. Control mice showed higher 

expression of Col I when compared with the mutant at all time-points other than D7. 

However, values were only significant at D14 and D21. The Nf1Prx1 showed a higher trend 

at D7 and no significance, while the control showed a higher trend at D10 but no 

significance either (D14, p = 0.048; D21, p = 0.48; Fig. 26 A). Type X collagen (Col X) is 

considered a hypertrophic chondrocyte marker. Expression of Col X in the control mice 

callus was significantly higher than that of the Nf1Prx1 at D10 and D14 (p = 0.005, for 

both). Furthermore, at D21 no significant difference was seen between the two 

experimental groups (Fig. 26 B). Runx2 is a transcription factor involved in osteoblast 

differentiation and skeletal morphogenesis. The gene expression of Runx2 indicates the 

maturation of osteoblasts and is essential for both intramembranous and endochondral 

ossification. Control mice callus showed notably lower relative expression of Runx2 at 

D10 than the Nf1Prx1 callus (p = 0.043). However, at both D14 and D21 higher trends were 

seen in the control mice callus tissue compared to the Nf1Prx1 mice (Fig. 26 C).  

RNAKL (RANK ligand) is produced in osteoblast lineage cells and it participates in the 

differentiation and activation of osteocalsts via binding to RANK which is expressed in 

osteoclasts progenitors and osteoclasts. A significant difference between the two 

experimental groups was noted at only one time-point; the Nf1Prx1 callus tissue showed 

increased relative expression at D10 earlier than the control mice (p = 0.05), which 

showed a higher trend of relative expression than the mutant did at both D14 and D21. 

OPG acts as decoy receptor for RANKL and thereby neutralizes its function in 

osteoclastogenesis. It inhibits the activation of osteoclasts and promotes osteoclast 

apoptosis. OPG was significantly higher expressed in Nf1Prx1 callus tissue at D10 (p = 

0.30), statically significant difference was found between the groups at any other time-

point. Local RANKL / OPG ratio indicates bone homeostasis. The RANKL / OPG ratio in 

the fracture callus of both control and Nf1Prx1 mice callus indicates if resorption is initiated 

or if its termination is triggered. In the control mice, the ratio of relative expression levels 

of both genes was slightly higher at D14 before dropping at D21. In the Nf1Prx1 mice, the 
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RANKL/OPG ratio was higher at D10 compared to the ratio at both D14 and D21, and 

lowest at D21. Nonetheless, control mice showed a higher RANKL/OPG ratio than the 

Nf1Prx1 mice at all time–points (D10, p = 0.50; D14 p = 0.29; D21, p = 0.19) 

 

Figure 26: q-
PCR 

relative expression showed discrepancies in the temporal expression of Col I, Col X, Runx2, OPG, and 
RANKL between the control and the mutant mice. (A) Expression of Col I confirms observation by in situ 
hybridization. Control mice show higher mRNA expression levels of Col I at D14 and D21 compared to the 
Nf1Prx1 mice. (B) Expression of Col X at D10 and D14 indicates the beginning of endochondral ossification. 
Lower expression in Nf1Prx1 mice validates the decreased count of hypertrophic chondrocytes and thus type 
X collagen synthesis. (C) Runx2 mRNA expression was not significantly different between the control and 
the Nf1Prx1 mice. (D-F) Osteoclast-mediated resorption presented through RANKL and OPG relative 
expression was disproportionate; RANKL declines gradually starting at D10 in Nf1Prx1 were it peaks at D14 
in the controls. RANKL / OPG ratio was almost steady in Nf1Prx1 when compared to the control. (* = P < 
0.05, N = 5).
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Microarray analysis 

Differentially expressed genes were 

visualized in a heatmap (Fig. 27 A) 

after applying a significance cutoff of 

FC > ¦2¦ and p.BH < 0.01. 

Differentially up-regulated genes 

were 147, and 200 genes were down-

regulated in the Nf1Prx1 mice callus 

tissue compared to the control. Genes 

were then clustered (arranged) 

according to their expression pattern 

over the course of healing. The 

heatmap deduced and showed eleven 

clusters. Genes listed in each cluster 

were plotted with their fold change 

against time-points. (Fig. 27 B). 

Genes of the first, third and fifth 

cluster were down regulated in the 

mutant at D0. Genes in these clusters 

are mainly related to muscle cellular 

components, mitochondrial genes. 

However, at D7 genes in clusters one, 

two, six, nine and ten were up-

regulated. Enlisted genes co-

expressed, co-localized and directly 

related to extracellular region and 

matrix synthesis as well as regulation 

of apoptosis. At D10, clusters eight 

and eleven show down-regulated 

genes in the mutant, these genes 

indicated a lower expression of ion 

transport, proteolysis, and 

homeostasis related genes. 

 

Figure 27: Pattern of differential gene expression 
between Nf1Prx1 and control mice. (A) Heatmap of 
differentially up-regulated genes in the Nf1Prx1 mice 
clustered according to genes expression pattern 
throughout the course of healing. (B) Plots of clusters 
that represent expression patterns of genes up-
regulated over time-points. A gene was considered 
differentially expressed if the Benjamini-Hochberg 
method p-value was < 0.01 and the fold change of the 
normalized (RPKM) expression values was at least 2 in 
either direction. (Red Nf1Prx1 mice, black control mice, 
N = 5) 
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Cluster eight contained genes down-regulated in the mutant at D14, and the list contained 

genes related to carbohydrate binding, serine-type peptidase activity, and carbohydrate 

binding and metabolism. By D21, cluster six, and clusters eight to eleven show up-

regulated genes in the mutant. The genes are related to extracellular matrix synthesis, 

regulation of phosphorylation, and cellular response (Fig. 27). 
 
Among the 44 genes within cluster 1 several encoded for secreted signaling molecules 

including Bone morphogenetic protein 1 (Bmp1) which induces bone and cartilage 

development, and Dickkopf-related protein 3 (Dkk3) which interacts with the Wnt 

signaling pathway. Another important gene in cluster 1 was fibromodulin (Fmod) that 

regulates TGF-β activities by sequestering TGF-β into the extracellular matrix, as well as 

folistatin-like I (Fsl1) which is an extracellular glycoprotein first identified as a TGF-β-

induced protein from a mice osteoblast cell line. Nonetheless, all four are known to play a 

role in muscle activity as well. Other genes of this cluster were annotated to extracellular 

matrix assembly and kinase regulation. Five genes in cluster 2 were functionally linked to 

muscle tissue physiology and/or cell proliferation and differentiation. Eleven genes in the 

third cluster encoded secreted factors, some of which were involved in fatty acid, 

triacylglycerol, and ketone body metabolism and/or carbohydrate metabolism. There were 

40 genes in cluster four, and thirty-seven genes in cluster five. 

Time-point D0  

At time-point 0 22 genes were found to be significantly up-regulated and 297 down-

regulated in the Nf1Prx1 fractured bones when compared to controls. Among up-regulated 

genes, there were fat cell specific transcripts: complement factor D (Cfd also known as 

adipsin), carboxyl-esterase-3 (Ces3) and stearoyl-CoA desaturase (Scd1). The latter two 

genes are involved in the fatty acid metabolism. Over-expressed were also matrix 

metalloproteinase 1 (Mmp1a) and keratan sulfate Gal-6 sulfotransferase (Chst1). The gene 

encodes an enzyme participating in the biosynthesis of selectin ligands on endothelial cells, 

which facilitate lymphocyte homing at sites of inflammation. Among down-regulated genes, 

66 genes were annotated to encode nuclear proteins, 62 were cytoplasmic genes, and 49 

were mitochondrial proteins genes. The mitochondrial genes encode mito-ribosomal 

proteins, electron transport chain complex I proteins and translocase complex proteins. Two 

of the down-regulated mitochondrial genes encode fat metabolism genes e.g. 1) 3-oxoacid 

CoA transferase 1 (Oxct1), a key enzyme responsible for ketone body catabolism 2) acyl-

63 



RESULTS    

CoA thioesterase 8 (Acot8), a gene encoding protein responsible for the termination of beta-

oxidation of dicarboxylic acids of medium chain length with the concomitant release of the 

corresponding free acids. Thus, genes of the fatty acid metabolism and energy metabolism 

appear to be down-regulated in the Nf1Prx1 bones immediately after fracture. Surprisingly, 

genes encoding a group of myofibrillar or contractile proteins were also down-regulated. 

Among these were striated muscle Z-line associated actin-alpha-3 (Actn3), F-actin-capping 

protein (Capzb) genes, and a myomesin gene (Myom1) which is thought to link the 

intermediate filament cytoskeleton to the M-disk of the myofibrils in striated muscles. 

Time-point – 7 days post fracture 

At D7 post fracture, 242 genes were up-regulated and 74 down-regulated in Nf1Prx1 fracture 

tissue compared to the controls. Among up-regulated genes, several encoded collagens, 

including collagen types I, III, IV, VI, XII and XVIII but no cartilage-specific collagen II or 

X were noticed. Also 25 translation process related genes were up regulated of which 22 

genes encoded ribosomal proteins. Another 50 up-regulated genes encoded for secreted 

proteins with various functions. These genes included bone mineralization inhibitory 

molecules as matrix Gla protein (Mgp). Also included here is Wnt pathway inhibitory 

molecules as Dickkopf homolog 3 (Dkk3) and the Wnt1 inducible signaling pathway protein 

2 (Wisp2). Also included was the fat cell produced adipokine, adipsin (Cfd) which is 

involved in modulation of the immune response but also capable of osteoclast activation 

[136]. Extracellular matrix genes were also included such as degrading matrix 

metalloproteinase 2 (Mmp2) which belongs to a subclass of gelatinases and is known to be 

involved in vasculature remodeling; signaling molecules – insulin-like growth factor 1 and 2 

(Igf 1, Igf 2). Moreover, osteoglycin (Ogn) which induces ectopic bone formation in 

conjunction with transforming growth factor beta [137] is also up-regulated. Finally, 

metalloproteinases, which are crucial for normal bone regeneration of which Bmp1 was up-

regulated [138]. Additionally, up-regulated genes in NF1 deficient tissue were pleiotrophin 

(Ptn), a gene required for stroma cell-mediated hematopoietic stroma cell maintenance, 

Thy1 which is a gene encoding for cell surface protein of endothelial cells and 

myofibroblasts [139], and the core-binding factor beta subunit (Cbfb) which is a gene 

encoding a co-factor for runt-related transcription factors 1 and 2 (Runx1 / 2). The down-

regulated genes included, alongside the transcription factor distal-less homeobox 3 (Dlx3), a 

group of skeletal muscle contractile proteins encoding genes like myosin, light chains one 

and two (Myl2 Myl3), and troponin C type one (Tnnc1). 
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Time-point – 10 days post fracture 

On D10, only 10 genes were found to match the stringent criteria of up-regulation above a 

2-fold change in the Nf1Prx1 tissue when compared with the controls. These were adipocytes' 

specific gene adipsin (Cfd) (uniformly up-regulated at all stages), myofibrillar proteins, actin 

alpha 2 (Actn2), prenatal type skeletal muscle myosin heavy chain eight (Myh8) and a 

muscle assembly factor Titin-cap (Tcap). Importantly, also type III Collagen (Col III a1) 

was up-regulated, a major collagen type found in human bone fracture non-unions [140]. 

Fifty genes were found down-regulated at D10 in the Nf1Prx1 callus tissue. Among them 

were cartilage specific collagen II and collagen X, a finding that supports the observed 

defect of cartilaginous callus formation. Down-regulated were also lipocalin-2 (Lcn2) a gene 

which encodes protein facilitating tissue invasion by leukemic cells and a group of defense 

response associated genes, including cathelicidin (Camp), a gene encoding an antimicrobial 

peptide, cathepsin G (Ctsg), cathepsin E (Ctse), ficolin B (Fcnb), myeloperoxidase (MPO), 

proteoglycan-2 (Prg2), and lysozyme-2 (Lyz2). 

Time-point – 14 days post fracture 

Only four genes were up-regulated at this time point no genes were down-regulated. Two 

adipokine genes were up-regulated first adiponecitin (Adipoq), and second is adipsin (Cfd) 

both genes play a role in adiposity differentiation [141]. The other two genes CD8 and H2-

Eb1 indicate an increase in leukocytes interaction as both are encoding for Major 

histocompatibility complex proteins 

Time-point – 21 days post fracture 

Sixty genes were found to be up-regulated and 41 down-regulated at D21 in Nf1Prx1 callus 

when compared to control tissue (Annex - table 1). Up-regulated genes included these 

defense response genes: beta-2 microglobulin (B2m), cathepsin G (Ctsg), lysozyme-2 

(Lyz2) and myeloperoxidase (Mpo). Furthermore, up-regulated were the fatty acid 

metabolism gene stearoyl-Coenzyme A desaturase 1 (Scd1) and several adipokines: 1) 

adiponecitin (Adipoq), 2) adipsin (Cfd), and 3) adipogenin (Adig / BC054059). The latter 

reported to be induced during adipose conversion of 3T3-L1 cells by troglitazone [141]. 

Multiple genes that encode proteins of contractile muscle fibers were down-regulated. Those 

include: cardiac alpha 1 actin (Actc1), Actin-alpha-3 (Actn3), desmin (Des), two myosin 

genes: perinatal type skeletal muscle myosin heavy chain 8 (Myh8), and skeletal muscle 

65 



RESULTS    

myosin heavy chain 4 (Myh4), Titin-cap / telethonin (Tcap) and Nebulin-related-anchoring 

protein (Nrap), the later encoding actin interacting protein normally expressed in 

myotendinous junction in skeletal muscles. 
 

Table 2: A selected list of differentially expressed genes in the Nf1Prx1 fracture tissue compared with 
controls. 

Time-
point 

 Gene Full name Mean 
Control 

Mean 
Nf1Prx1 

Fold 
change 

P- 
value 

D0 
 

U
p 

R
eg

ul
at

ed
 Cfd Complement factor d 11.95 14.82 +2.86 0.0004 

Ces3 Carboxylesterase-3 9.02 11.13 +2.11 0.0035 
Scd1 Stearoyl-coa desaturase 9.3 12.1 +2.83 0.0013 
Mmp1a Matrix metaloproteinase 1 8.06 10.50 +2.43 0.0028 

Chst1 Carbohydrate (keratan sulfate gal-6) 
sulfotransferase 1 8.18 10.73 +2.55 0.0096 

D
ow

n 
R

eg
ul

at
ed

 Oxct1 3-oxoacid coa transferase 1 10.04 6.83 -3.1 0.0046 
Acot8 Acyl-coa thioesterase 8 8.46 6.41 -2.04 0.0047 

Actn3 Striated muscle z-line associated actin-
alpha-3 1.13 6.41 -4.95 0.0006 

Capzb F-actin-capping protein 9.4 6.5 -2.85 0.0008 
Myom1 Myomesin 9.19 6.27 -2.91 0.0021 

D7 

U
p 

re
gu

la
te

d 

Col12a1 Type 1 Collagen 6.61 10.18 3.57 0.0009 
Col3a1 Type 3 Collagen 7.69 11.07 3.372 0.002 
Col4a1 Type 4 Collagen 8.89 12.19 3.29 0.0006 
Col6a2 Type 6 Collagen 7.90 11.91 4.00 0.0013 
Mgp Matrix gla protein 8.8 12.7 +3.90 0.0002 
Dkk3 Dickkopf homolog 3 7.8 9.8 +2.06 0.0013 

Wisp2 Wnt1 inducible signaling pathway 
protein 2 6.6 8.6 +2.03 0.0007 

Cfd Complement factor d 10.15 12.24 +2.09 0.0013 

Mmp2 Extracellular matrix degrading matrix 
metallopeptidase 2 8.7 13.21 +4.42 0.0005 

Ogn Osteoglycin 6.9 10.9 +3.9 0.0027 
Bmp1 Bone morphgenic protein 6.6 9.3 +2.65 0.0007 
Ptn Pleiotrophin 6.5 10.0 +3.53 0.0015 
Thy1 Thymocyte differentiation antigen 1 8.6 10.9 +2.29 0.0004 
Cbfb Core-binding factor, beta subunit 9.2 11.3 +2.01 0.0012 

D
ow

n 
R

eg
ul

at
ed

 Dlx3 Distal-less homeobox 3 10.5 8.4 -2.14 0.0004 
Myl2 Myosin regulatory light chain 2 11.9 8.5 -3.36 0.0002 
Myl3 Myosin regulatory light chain 3 13.14 10.27 -2.8 0.006 
Tnnc1 Troponin c type 1 13.18 10.17 3.01 0.0005 
Tnnt1 Troponin t 13.15 10.94 -2.20 0.0018 

D10 

U
p 

R
eg

ul
at

ed
 Cfd Complement factor d 9.5 13.14 +3.61 0.0004 

Actn2 Actin alpha 2 10.25 12.31 +2.06 0.0006 
Col 3a1 Type iii collagen 8.5 10.5 +2.00 0.0048 
Myh8 Myosin heavy chain 8 8.67 10.79 +2.11 0.0002 
Tcap Muscle assembly factor titin-cap 10.06 12.40 +2.34 0.0002 

 

 
R

e
gu

l  Lcn2 Lipocalin-2 15.52 7.29 -5.23 0.0003 
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Camp Cathelicidin 11.78 8.84 -2.94 0.0012 
Ctsg Cathepsin g 10.82 6.96 - 3.85 0.0003 
Ctse  10.10 6.98 -3.11 0.0001 
Mpo Myeloperoxidase 12.25 8.5 -3.70 0.0001 
Prg2 Proteoglycan-2 12.76 7.17 -5.49 0.0009 

D14 

U
p 

R
eg

ul
at

ed
 Cfd Complement factor d 9.5 10.8 +4.56 0.0086 

Adipoq Adiponectin 7.14 9.6 +2.49 0.0075 
CD8 Cluster of differentiation 8 6.6 8.9 +2.29 0.0059 

H2-Eb1 Histocompatibility 2, class ii antigen e 
beta 8.7 10.8 +2.10 0.0075 

D21 

U
p 

R
eg

ul
at

ed
 

B2m Beta-2-microglobulin 9.20 11.78 +2.57 0.0009 
Adipoq Adiponectin 7.00 10.04 +2.03 0.0038 
Ctsg Cathepsin g 6.84 9.61 +2.77 0.0035 
Mpo Myeloperoxidase 6.58 9.30 +2.72 0.0008 
Scd1 Stearoyl-coa desaturase 8.04 11.36 +3.31 0.0028 
Cfd Complement factor d 9.49 14.74 +5.24 0.0004 

D
ow

n 
R

eg
ul

at
ed

 

Actc1 Cardiac alpha 1 actin 10.81 8.23 -2.58 0.0009 
Actn3 Actin-alpha-3, desmin 12.68 10.67 -2.00 0.0033 
Des Desmin 12.28 9.72 -2.55 0.0016 
Myh4 Myosin heavy chain 4 11.56 8.85 -2.71 0.0026 
Myh8 Myosin heavy chain 8 10.60 7.97 -2.34 0.0004 
Tcap Muscle assembly factor titin-cap 13.15 10.73 -2.41 0.0012 
Nrap Nebulin-related-anchoring protein 11.71 9.22 -2.45 0.0005 

 

Functional annotation 

The DAVID functional annotation tool was used to annotate genes to functional classes. 

The platform provides a directory of clusters including lists of gene names. This helpful 

method has no automated ability to distinguish between time-point changes, which are up-

regulated and down-regulated. Therefore, grouping of clusters and assigning them to their 

time-points was manually curated (Fig. 28). The functional annotation clusters showed a 

down-regulation of muscular component in the Nf1Prx1 mice at all time-points when 

compared with the controls except at D10. On the other hand, the extracellular region and 

matrix annotation show a higher regulation in the Nf1Prx1 mice at all time-points apart from 

D10 when compared to the control mice. 

However helpful such manually curated (organized and depicted) graphs may be, they are 

still inept to show the association of these clusters. Network analysis provides information 

on the association and relation of the annotated clusters. Therefore genetic network 

analysis was performed, too. 
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Figure 28: DAVID functional annotation overview of differentially up and down-regulated genes. 
Annotations in red boxes are down-regulated in the mutants while in green, they are up-regulated. Immune 
response genes were up-regulated in the mutants at all-time-points. Muscle related genes were down-
regulated before becoming up-regulated starting at D10. Extracellular region and matrix genes were up-
regulated in Nf1Prx1 callus tissue at the beginning and end of the healing process. 

Network analysis 

Network analysis provides a global overview of genetic networks involved. The generated 

networks represent the functional annotation results and their correlation. A network 

combined the fold change in the gene list with the annotation list processed by DAVID. 

Therefore, the networks are divided into up-regulated genes and down-regulated gene 

networks. Each combined set of genes formed a cycle with definite numbers of nodes linked 

with edges. 

Genes higher in the mutant showed cycles resembling peroxidase, peroxidase activity and, 

oxidoreductase and regulates angiogenesis in endothelial cells (Fig. 29 A). Underling genes 

such as COX-1 are also involved in cell signaling and maintaining tissue homeostasis. 

Glycoprotein and components of multiple collagens increased to various degrees (Fig. 29 

B). Signaling protein, signal peptides, disulfide bond, and hydroxyproline are arranged in a 

cycle (Fig. 29 C) and this represents the increased protein synthesis. The cycle contained 
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chordin, which binds to TGF-β proteins such as bone morphogenetic proteins. However, the 

latter two cycles are connected directly to the extracellular region, the extracellular matrix, 

and secretion (Fig. 29 D). Ossification and bone development cycle are closely linked with 

the phosphoprotein cycle, which is increased. This hallmarks the up-regulated genes 

network (Fig 29 E). Interestingly, DNA methylation and acetylation cycle was also seen. In 

general the phosphoprotein is the core of the network and is a direct effect of MAPK over-

expression [142]. 
 

 

Figure 29: Enrichment Map network analysis of Nf1Prx1 higher genes. In its core network analysis showed 
that up-regulated cycles are related to phosphoprotein, which indicated a higher MAPK activity. Main 
cycles are: (A) Peroxidase activity, which regulates angiogenesis in endothelial cells. (B) Various types of 
collagen and collagen-related glycoproteins and glycosaminoglycan were down-regulated. Cartilage-
related collagens were also down-regulated. (C) Increased signaling peptides and proteins correlated to 
cellular binding and junction were also up-regulated in the mutants. (D) Extracellular matrix and ECM 
related secreted proteins were up-regulated in the Nf1Prx1 mice callus. This in addition to the up-regulated 
collagens could explain the inferior mineralization. (E) Bone development and calcification were higher in 
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the Nf1prx1 callus than in the control at the early stage of healing, and this probably refers to the increased 
cortical thickness and mineralized fibrous cartilage. (F) Actin cytoskeleton genes are closely related to 
methylation and acetylation indicating a transcriptional level difference between the Nf1Prx1 and the control. 
(G) The overall translation process was increased in the mutants indicating a higher proliferation rate. (H) 
Blood vessels and blood growth factor showed an increased expression. (The node's color ranges from 
lowest p value and more significant (green) to highest p value and least significant (red). The size of a node 
reflects the number of underlining genes). 

Down-regulated genes represented various cycles. Several are related to muscle such as 

sarcoplasm, contractile fibers, skeletal muscle, and sarcomeres. In addition, myosin, 

filament, myosin, and muscle system processes were up-regulated (Fig. 30 A). Centrally, 

the ribonuclease complex with the membrane bound and non-membrane bound organelle 

genes were seen (Fig. 30 B-E). Most of the membrane and non-membrane regulation were 

present in the mitochondrial genes. Neurofibromin is known to play a role in the 

mitochondrial regulation [143]. Ribosomal units and ribosomal gens expressions were also 

lower in Nf1Prx1 than the controls and more specific towards the muscle related genes. 
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Figure 30: Enrichment Map network analysis of Nf1Prx1 lower genes. (A) Muscle-related genes, especially 
cellular components, were strongly decreased in the mutants callus. (B) Lower set of ribosomal proteins and 
ribonucleoproteins are connected to the muscle related genes indicating substandard translation processes. 
(C) Citrullination (posttranslational modification) is also correlated to the muscle related genes and 
connected with methylation, acetylation, and phosphoprotein. (D) Lower expression of mitochondrial 
related genes showed the effect of Nf1 loss. (E) General metabolic processes were decreased in the Nf1Prx1 
callus. Marked in red are several cycles and nodes that are affected by the lack of Nf1 in the fracture callus. 
Node coloration is as follows: highest is green and lowest is red. Muscle-related genes, organelle 
membrane, ribosomal genes and ribonucleoproteins formed the most dominant cycles and networks. 

In vitro testing of dual specificity mitogen-activated protein kinase kinase 

inhibitor  

The use of lovastatin coated beads to aid bone healing in a cortical injury model in the tibia 

of Nf1Prx1 mice model  reported a promising potential [126]. Therefore, lovastatin was used 

as the baseline control. Treatment was started when cells reached 80% confluence (Fig. 31 

A). Three different concentrations for each inhibitor were tested.  One lovastatin 

concentration was used; this concentration was previously reported as the promising 

concentration of lovastatin. Cell viability tended to drop at D10 of culture treatment in all of 

the experimental groups, where (Fig. 31 B). Cell viability dropped drastically at D14 in all 

treatment groups and concentration except for the 10 µg of AZD6244 concentration were 

cell viability was not changed from D10. (Fig. 31 B, left panel). On the other hand, the 

AS703026 inhibitor treatment exhibited a starkly decreased viability in all concentration 

(Fig. 31 B, right panel). 

Results showed that both inhibitors did not cause any significant change in the cell viability 

when compared with lovastatin. However, histological evaluation of wells using Von Kossa 

stain showed in general less mineralization at D14. However, at D10 Von Kossa staining 

suggested a relatively well-distributed mineralization in the culture treated with the 

inhibitors. These qualitative staining reflected a drop in mineralization and cell viability at 

D14.
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Figure 31: In vitro testing of second generation MEK1 inhibitors to compensate the lack of Nf1 in respect to 
mineralization of Nf1 -/- MSCs. (A) Cells were left to reach 80% confluence before proceeding. (B). Cell 
viability improved under AZD6244 at a lower concentration (left). However, all AS703024 concentrations 
seemed to affect viability. (C) Von Kossa Stain of cells showed that mineralization at D14 was less than at 
D10.  

AZD6244 MEK inhibitor REMEDY cartilage formation in Nf1prx1 mice 

The treated mice showed in general notable changes. While sacrificing, mice skin, which is 

usually dry and rigid showed more elasticity, however, an inductive reasoning requires a 

planned experimental set up to be confirmed. The Movat pentachrome staining showed 

descriptively enhanced cartilage formation at D10 post fracture (Fig. 32). Callus showed 

areas of hypertrophic chondrocytes, and small areas of proliferative chondrocytes mainly in 
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the middle. However, ossification of the periosteal surface did not deviate from the untreated 

mutant mice. Nevertheless, the general overview shows a better cartilage formation the outer 

parts around the callus exhibited small portions of fibrous tissue. Muscle tissue adjacent to 

the callus, were better arranged compared to those observed the untreated mice callus. 

Moreover, less fascia tissue is seen within the muscle tissue. This could support the 

suggestion that the muscle tissue is involved in the fracture healing in the Nf1Prx1 mice. 

 

Figure 32: AZD6642, a second-generation MEK inhibitor increased cartilage formation in the fracture 
callus of Nf1Prx1 mice. (A) An overview of the callus showed more cartilage formation in the treated mice at 
D10. (B) Hypertrophic chondrocytes are seen in most of the cartilage area sides (right upper and lower), 
proliferative chondrocytes are located in the middle of the cartilage area (lower right and left). However, 
fibrous tissue was still present at the callus periphery. (C) Muscle cells and tissue arrangement were almost 
normal (left). Within the muscle tissue, both the fibrous tissue and the presence of fat droplets are smaller 
and less frequent (middle). Nonetheless, persistent lamellar bone formation on the periosteal surface is still 
seen. (a = adipose tissue, b = bone, c = cartilage, m = muscle, cb = cortical bone hc = hypertrophic 
cartilage, ft = fibrous tissue, scale bars: black =200 µm, red = 500 µm. A’ and B’= 100 µm). 
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Results summary 

In this thesis, control and Nf1Prx1 mice models were used to observe bone healing in a closed 

femoral fracture. The model investigated both the reparative and remodeling phases of bone 

healing. Control mice showed a normal healing pattern (Fig. 33). This started with large 

cartilaginous callus formation and minimal lamellar bone formation on the periosteal surface 

at D7. The cartilaginous callus began to hypertrophize, mineral deposition was clearly seen 

at D10, and the lamellar bone on the periosteal surface increased. The hypertrophy expanded 

to almost all the cartilage areas by D14. The callus was bridged and remodeling started at 

D21. 

 

Figure 33: Overview of major hallmarks in control mice femoral fracture healing. Upon fracture, an 
inflammatory response is initiated, during the first week a cartilaginous callus is formed, and this will form 
the undercarriage of the new bone. 10 days after fracture, the formed cartilage shows chondrocytes going 
into hypertrophy; this indicates the initiation of ossification. This phenomenon persists and increases until 
reaching two weeks after fracture. At three weeks after fracture a bony bridged callus is formed. At this 
stage, remodeling is initiated to reshape cortical bone to its original status. 

 
Healing observation of the Nf1Prx1 mice indicated a chronological shift in cell presence. 

Localization in some cases was also altered (Fig. 34). In general, healing Nf1Prx1 was 

hallmarked by the emergence of fibrous tissue consisting of myofibroblasts. One week after 
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fracture, this fibrous tissue was already filling the fracture gap. Lamellar bone formation on 

the periosteal surface was increased more than it did in the controls. Osteoblast counts at the 

periosteal surface were almost three times more than the controls. Moreover, cortical bone 

was less dense than in the controls. In addition, muscle tissue around the callus showed 

frequent fat droplets and the presence of unidentified fascia, which was seen to emerge 

directly within the callus. Differential gene expression exhibited a down-regulation of 

muscle related genes. On the other hand, several collagens along with extra cellular matrix 

and bone formation genes were up-regulated. Alteration in the healing process in the Nf1Prx1 

mice was most prevalent at D10 after fracture. At this time-point, myofibroblasts forming 

the fibrous tissue persist, mineral deposition areas are seen with the fibrous tissue despite the 

absence of hypertrophic chondrocytes. Lamellar bone formation on the periosteal surface 

was increased further along with an increased count of osteoblasts in this area. Cortical bone 

appeared less dense, and the muscle fascia is clearly seen to protrude the fracture callus. The 

osteoclasts count relevant to the callus area showed more osteoclasts in the Nf1Prx1 mice 

callus, hinting to the start of bone resorption. Muscle related genes were up-regulated at this 

time-point. By reaching the time of two weeks after fracture, more chondrocytes that are 

hypertrophic were noticed; however, lamellar bone formation on the periosteal surface was 

further increased. Osteoclasts and osteoblasts on the periosteal surface have reached their 

peak. Muscle related genes were up-regulated, whereas type II collagen and innate immune 

response genes were down-regulated. After three weeks, no bridging was achieved; cartilage 

remnants and fibrous tissue remains were present. Despite that, muscle-related genes 

remained down-regulated; the described muscle fascia was also present and seen to emerge 

directly into the fracture callus. The osteoid matrix ratio to bone ratio was ten times larger 

than that of the controls, and this clearly confirms the impaired mineral deposition.  
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Figure 34: Overview of major hallmarks in Nf1prx1 mice femoral fracture healing. Fibrous callus and 
lamellar bone formation on the periosteal surface characterize the healing in Nf1prx1 mice. During the first 
week, large areas within the callus and around the cortical bone were filled with (a-SMA positive) fibrous 
tissue. Muscle tissues showed a fascia and fat droplets in various areas. Cartilage size was small but 
increased at D10. However, the fibrous tissue persisted and mineral deposition areas within the fibrous 
tissue were seen, osteoblasts increased in the ever increasing lamellar bone formation on the periosteal 
surface. Two weeks after the fracture, the numbers of both osteoclasts and osteoblasts increased to their 
peak. More mineral deposition areas without hypertrophic chondrocytes were seen. Nonetheless, 
hypertrophic chondrocytes were rather scarce but still present. Osteoid matrix ratio to bone surface ratio – 
three weeks after fracture – indicated the impaired mineral deposition. The muscle fascia was unrelenting, 
as was the lamellar bone formation on the periosteal surface and the fibrous tissue. Cartilage remnants 
were present in the non-bridged fracture gap. 
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DISCUSSION 

Neurofibromin is known to be essential for the fracture healing process [144]. A large 

proportion of patients with neurofibromatosis Type 1 display skeletal abnormalities, 

including deterioration of bone quality, bone dysplasia, and abnormal bone healing leading 

to pseudarthrosis.  

The present study investigates the fracture healing process in femoral bones of the Nf1Prx1 

mice, bearing conditional inactivation of the gene in MSCs of the developing limbs [16]. 

The research aims at further elucidation of the pathological mechanism of bone healing 

associated with neurofibromatosis type 1. This conditional Nf1 knockout in the MSCs 

addresses alterations of bone healing with a dysfunctional Nf1 in osteoblasts, chondrocytes, 

and endothelial cells. Furthermore, this understanding shall reflect on the potential 

translational therapies use for neurofibromatosis type 1 patients. 

The study investigated the temporal, morphological, and molecular differences leading to 

delayed bone healing.  

This thesis showed diminished cartilaginous callus formation with accumulation and 

persistence of the fibrous tissue in the Nf1Prx1 mice fracture gap. This was accompanied by 

increased periosteal bone formation in the fractured Nf1Prx1 cortical bone. On the cellular 

level, counts of several cell types were increased in the mutants fracture callus such as 

TRAP positive osteoclasts and osteocalcin positive osteoblasts. Another cell type was 

incident to the mutant callus that is the abundant a-SMA positive myofibroblast. 

Histomorphometry, µCT evaluation, and mechanical testing altogether revealed inferior 

healing and a none-bridging callus of the Nf1Prx1 mice within 21 days post fracture. Thus, a 

mechanically unstable fracture with cartilaginous remnants was yielded, which is 

reminiscent of the pseudarthrosis observed in NF1 patients. 

Diminished cartilage formation and myofibroblasts invasion in the 

Nf1Prx1 callus 

Nf1Prx1 mice showed impaired cartilaginous callus formation. Concurrently, a fibrous tissue 

accumulation concomitant to fewer cartilage areas was formed. In fact, this was also 

reported in the nonunion Nf1 +/- fractures as a disproportionate fibrous invasion [13]. The 

study established that the presence of fibrous tissue – also referred to as fibro-cartilage – was 

observed in non-bridging fractures. This observation also agrees with the very recent report 

of El-Hoss et al. 2011 in a mice model with local Nf1 inactivation via adenoviral Cre 
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recombinase delivery [15]. They demonstrated a delayed fracture bridging and induced 

fibrous tissue growth. Moreover, the recent study of Wang et al. 2011 characterized an Nf1-/-

col2 mice where osteo-chondro-progenitor cells lack Nf1. The mice model showed a 

reduction of hypertrophic zones in the growth plate, abnormal intervertebral disc structure 

and poorer bone quality [14]. This highlights the derogated cartilage formation. A study by 

Kuorilehto et al. 2005 established the need for neurofibromin in maturing and hypertrophic 

cartilage in normal healing in rat and mice models [12], the study findings were later 

supported by Schindeler, et al. 2008 [13]. 

Congenital pseudarthrosis of the tibia, associated with neurofibromatosis type 1 in patients, 

shows a fibrous tissue mass called fibrous hamartoma. Fibrous hamartoma was suggested to 

be an undifferentiated mesenchymal membrane [145]. However, in vitro characterization of 

the fibrous hamartoma cells obtained from patients described these cells as fibroblast-like 

cells [146].  

Fibrous hamartoma seen in patients is morphologically similar to the fibrous tissue that 

hallmarked the fracture callus in the Nf1Prx1 mice. Despite being noticed at the fracture site 

in several NF1 mice models, the accumulated fibrous tissue was characterized for the first 

time in this study.  

In Nf1Prx1 mice model, alpha Smooth Muscle Actin (a-SMA) detection identified most of the 

cells present in the callus as myofibroblasts. Furthermore, up-regulation of Thy1 at D7 and 

Actn2 / a-SMA at D10 (cell surface antigens of endothelial cells and myofibroblasts and a 

smooth muscle alpha actin 2) showed in the µArray data, infers this finding. Myofibroblasts 

are implicated in skin wound healing and keloid disease [133,134]. Myofibroblasts are 

thought to be responsible for increased matrix protein synthesis. In addition, it was suggested 

that myofibroblast renovate from endothelial cells. In wound-healing, myofibroblasts 

normally disappear from the granulation tissue by apoptosis after wound closure, but under 

some circumstances, they persist and may contribute to pathological scar formation. The 

presence of myofibroblasts in the congenital pseudarthrosis in NF1 patients was reported in 

a bone healing case study [144]. This study suggests that the presence of myofibroblasts 

indicates a complication that can lead to non-union healing in both the patients and the 

investigated Nf1Prx1 mice model. However, the mechanism by which specific cells gain a 

myofibroblast-oriented differentiation is unknown. Nonetheless, myofibroblasts are 

proposed to play a retractile role in granulation tissue contraction, cytokines e.g. interferon 

gamma are the candidate regulators for this function [147]. In bone healing, granulation 
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tissue formation overlaps with the cartilage callus formation. Wound repair in Nf1 +/- mice 

model showed an increase in granulation tissue formation, which was explained as fibroblast 

dysfunction due to loss of neurofibromin. The same study showed in vitro a higher 

myofibroblast proliferation rate in Nf1 +/- cells than the controls [148]. On the other hand, 

Ras activation consequent to Nf1 knockout was reported to decrease collagen transcription 

in fibroblast cell lines [149,150]. An experimental pseudarthrosis study on a rat model 

showed extended cartilage components even by week nine after fracture [151]. This study 

showed similar results in the Nf1Prx1, which showed cartilage remnants by D21. Therefore, 

the persisted cartilage in Nf1Prx1 mice callus could be caused due to the distorted overlap 

between the granulation tissue and the cartilage formation. 

Taken together, in comparison with the control mice, the Nf1Prx1 mice showed less cartilage 

tissue in the callus at D7, D10, and D14 after fracture. The formed callus showed – at all 

time-points – an increased presence of myofibroblasts in the mutant mice. Myofibroblast are 

known to differentiate from granulation tissue in the absence of the cytokine signaling 

responsible for their apoptosis. Endothelial cells are also another source of myofibroblasts. 

In other words, impaired cartilage formation and fibrous tissue prevalence consisted from 

myofibroblasts. 

Lack of bony bridging after 21 days of healing in the Nf1Prx1 mice 

All the different analyses carried out on the callus tissue revealed that Nf1Prx1 mice did not 

achieve bony bridging within 21 days post fracture. The mechanically unstable fibrous callus 

at D21 resembles the pseudarthrosis observed in NF1 patients. 

Maximum torque force at failure and torsional stiffness of the fracture site at D21 were 

significantly decreased in Nf1Prx1 mice even when corrected for intrinsic general bone 

weakening. This evidently lower biomechanical competence documents a qualitative 

deterioration, a delay of the fracture repair compared to control, and an inferior regain of 

function in the Nf1Prx1 mice as compared to their contralateral intact femur. This finding 

exhibited severer effects than those reported by Wang et al. in 2010; their study on 

conditional Nf1 knockout in osteoblasts lineage (Nf1-/- ob) showed only a reduced maximum 

force in mutants at D28 [127]. They also observed increased callus size and bone formation 

in the Nf1-/- ob mice.  

Non-bridging of Nf1Prx1 fracture callus at D21 suggests an impairment of the fracture repair 

and a distorted callus mineralization. Non-bridging callus was also reported in Nf1 +/- mice 

model study [13], which compared two open tibial fracture models in the Nf1 +/- mice. 
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Fractures were made in two different groups; the first was fractured in the tibial midshaft 

(mid-diaphysis), the second was fractured in the distal tibia. Only the distal open tibia 

fractures showed a delay in bone repair in Nf1 +/- when compared to its control. The three 

described models show the range of complications caused by lose of Nf1 in bone healing. 

Interestingly, only the current study on Nf1Prx1 showed an increased ossification at the region 

of periosteal surface (histomorphometry) and showing a thickened cortical bone in the 3D 

µCT images. These tow observations suggest an augmented mineralization at the region of 

periosteal surface and/or a defective bone remodeling of the cortical bone. The differential 

gene expression and network analysis of genes up-regulated in the Nf1Prx1 mice showed 

larger gene set of ossification and bone formation as well as a larger gene set of extracellular 

matrix proteins. It may be deduced that the mutant mice mineralization was active but its 

dispersion was misdirected towards the periosteal surface region rather than the fracture gap. 

Thus, Nf1Prx1 shows lower biomechanical competence caused by less bone formation and 

non-bridging callus. The mutant mice showed increased mineralization at the periosteal 

surface of cortical bone insinuating thicker cortices. 

Deformed morphology and bone structure during healing in Nf1Prx1 mice 

µCT showed a surprising increase of Callus Total Volume (TV) at D7 and D10 in the 

Nf1Prx1 mice. The observation is likely due to the rapid initial growth of the fibrous tissue. 

This was also reflected on the compensated torsional stiffness at D14 in Nf1Prx1, as fibro-

cartilaginous callus has been reported to stabilize fractures [152]. Furthermore, Callus Bone 

Volume (BV) was also increased at D7 and D10, in Nf1Prx1 mice. This effect was probably 

caused by the desmal ossification, which took place in the proximity of the cortical bone. In 

situ hybridization of Col I, Movat-pentachrome staining, as well as the histomorphometry of 

ossified regions at the periosteal bone surface (Ops) values, altogether support this 

observation.  

The other two recent NF1 mice models showed an increase in both callus size and bone 

formation [15,127]. However, the Nf1-/- ob mice model did not show any fibrous tissue 

accumulation in the callus or any ossification at the periosteal bone surface [127]. The other 

recently reported model of local ablation of Nf1 gene by means of local inoculation of Cre-

expressing adenovirus at the site of injury in an Nf1 floxed mice [15] reported a fibrous 

tissue presence at the fracture site but no increased ossification at the periosteal bone surface 

was reported. 
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In addition, the effect of neurofibromin inactivation in osteoblasts depends on the stage of 

osteoblast maturity; early inactivation leads to mineralization inhibition whereas late stage 

inactivation did not exert any effect. In another words, complete ablation of Nf1 impaired 

but did not conclude the ability of osteoprogenitors to differentiate into mature osteoblasts in 

vitro [15]. The fact that mature osteoblasts could be present despite the absence of Nf1 was 

shown in the Nf1-/- ob. Bone formation was accelerated in Nf1-/- ob callus but no cortical bone 

thickening was observed [127]. 

The current study results suggested that the mesenchymal progenitor differentiation and 

callus formation are strikingly inhibited in the Nf1Prx1 mice. However, mature osteoblasts 

were also present in the mutant mice. Those mature periosteal osteoblasts produced more 

bone resulting in a thickened cortical bone.  

Taken together, these findings suggest that Nf1 inactivation in the osteoblasts alone or 

shortly during the healing is not sufficient to recapitulate the induced periosteal bone 

formation as in NF1 patients.  

Thickening of the cortical bone and narrowing of the modullary cavity were observed at the 

anterior-laterally side of bowed tibia in NF1 patients [153]. Periosteal reaction (thickening) 

was also reported in cases of congenital pseudarthrosis of the tibia in both NF1 patients 

[154], and non-NF1 patients [155]. Periosteal thickening was suggested to result from 

decreased osteogenic capability. This decrease could be the result of impaired 

vascularization or nerve cell over-proliferation [156]. 

Nf1Prx1 showed initial increase of bone volume before starting to decrease at D21. Most of 

this quantitative increase was located on the periosteal surface of the cortical bone. 

The suggested reasons that could contribute to cause this finding are the maturity of 

osteoblasts, vascularization impairment, and nerve cells over-proliferation, which are also 

known symptoms of NF1 patients. Thus, in a mice model Nf1 ablation solely in one bone 

cell type like osteoblasts was not adequate to resemble all NF1 patient pseudarthrosis 

symptoms.  

Osteoblasts, mineralization and bone formation 

An overall excess of osteoblasts in Nf1Prx1 mice compared with the control mice was 

detected in this study. The increased number of osteoblasts was previously reported in a 

cortical injury experiment in Nf1Prx1 model [126]. However, in the Nf1Prx1 fracture callus 

osteoblasts were observed far from the bone surface. Osteoblasts in the fracture gap of the 

Nf1Prx1 mice produced osteoid, this however remained partially unmineralize as seen in the 
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Van Gieson staining. This thickening of the osteoid layer was also apparent in the cortical 

bone region in the mutant mice. The increased osteoid volumes infer poor bone quality in the 

Nf1Prx1 mice. The Nf1-/- ob mice model by Wang et al. 2010 also reported a dramatic increase 

of the osteoid surface versus bone surface. 

Osteopontin is known to facilitate attachment of osteoblasts to the bone surface. Osteopontin 

in situ hybridization showed positive signals in Nf1Prx1 callus on either side of the cortical 

bone, and weaker signals were detected in the fracture gap. The maturity of osteoblasts is 

also crucial for bone formation [15]. The differential expression data in this study identified 

an up-regulation of osteoglycin (Ogn), previously named osteoinducive factor [137], and 

pleiotrophin (Ptn) in the D7 Nf1Prx1 fracture tissue. Reports concerning mechanical 

stimulation showed that Ogn and Ptn are induced in cortical bone [157]. Furthermore, 

decreased osteogenic capability was reported to be associated with either impaired 

vascularization or nerve cell proliferation [156]. Nonetheless, myofibroblasts were found to 

express bone-specific matrix proteins, such as type 1 collagen, osteopontin, and Runx2 when 

located in regions within or surrounding a calcified tissue [158]. In one hand, the 

immunofluorescence labeling of a-SMA indicated the presence of myofibroblasts. In the 

other hand, qPCR analysis at the early stage of healing in Nf1Prx1 callus tissue (D7 and D10), 

showed higher Runx2 and Col I expression. Further, Col I in situ hybridization at D10 

showed a strong signal in comparison with that of the control. In turn, gene differential 

analysis showed that several extracellular matrix regions and proteins were higher expressed 

in the Nf1Prx1 mice along with several collagen types than they were in the control. 

Production of these proteins by myofibroblasts leads to calcium deposition in fibrotic areas 

[158]. Furthermore, transmission electron microscopy study, showed the presence of 

hydroxyapatite within fibrotic regions in arterial calcification [159,160]. This could explain 

the mineral deposition within the fibrous callus despite the lack of hypertrophic 

chondrocytes. On the other hand, reports showed that the number of cells originated from the 

mesenchymal bud in the absence of neurofibromin is decreased [161]. This suggests that 

different cell types, driven from another source, could arise. In the Nf1Prx1 mice for instance, 

the rise of myofibroblasts may occur from either endothelial cells or granulation tissue as 

previously indicated. Lack of Nf1 was also reported to cause premature apoptosis, higher 

proliferation, and attenuated differentiation of committed osteoprogenitors [162]. This could 

explain the reduced effect of surgically implanted recombinant human bone morphology 

protein (rhBMP-2) seen in of Nf1 +/- mice [99]. These findings agree with fibrous 
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hamartoma development in NF1 patients. Occurrence of fibrous hamartoma was reported to 

increase due to the lack of neurofibromin. Fibrous hamartoma cells maintained some 

mesenchymal lineage cell phenotypes; however, the low osteogenicity and high 

osteoclastogenicity of these fibrous hamartoma cells can be the key pathogenic mechanism 

of congenital pseudarthrosis of the tibia. [146]. In the Nf1Prx1 mice, callus bone volume (BV) 

and ossified regions at the periosteal bone surface (Ops) values were increased. Osteocalcin 

positive cells (mature and immature osteoblasts) were increased and seen within the osteoid. 

Furthermore, the biomechanical competence of the Nf1Prx1 mice fracture callus at D14 was 

as good as in the controls. This suggests that the mineralized fibrous tissue did increase the 

stability of the fracture by D14 but could not compensate the bony bridging of the normally 

healed bone by D21. Furthermore, both µCT and histology detect mineralization regardless 

whether the ossified region was the bone matrix or the fibrous tissue especially that the Van 

Gieson staining showed less mineralized osteoid in the Nf1Prx1 mice.  

Vascularization 

Bone development and remodeling depend on complex interactions between bone-forming 

osteoblasts and other cells present within the bone microenvironment, particularly vascular 

endothelial cells (ECs) that may be pivotal members of a complex interactive 

communication network in bone. Therefore, adequate callus vascularization is required for 

normal fracture healing [163]. Lienau et al. 2009 established that a compromised healing 

situation would affect vessel formation molecularly as well as temporally. On the other 

hand, molecules expressed by either chondrocytes alone or together by other cell types that 

degrade the cartilage matrix were correlated with delayed bone formation and resorption. 

The altered expression of such molecules is also associated with vascularization during 

fracture repair [164]. Impaired cartilage formation and resorption in Nf1Prx1 mice was shown 

through lower levels of Col II (in situ hybridization) and Col X (qPCR). 

For interaction between human vein endothelial cells and human bone marrow stroma cells, 

it was reported that alkaline phosphatase (Alp) activity and Col I synthesis were increased by 

the direct contact of the endothelial cells with stroma cells [165].  

This theory could be inferred from the results of the Nf1Prx1 mice fracture due to several 

observations. First, the mutant mice in the network analysis showed increased annotations of 

endothelial cell development and vascular development as well as growth factor binding 

when compared to up-regulated gene sets of the controls. Secondly, both factor VIII and 

aSMA stains visualized an increase in positive endothelial cells (blood vessels) either in the 
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fibrous mass within the fracture callus or in the region at the periosteal bone surface in the 

mutants when compared to the control. Moreover, in situ hybridization showing more Col l 

in the mutant may justify the mineralization of fibrous tissue and the periosteal surface. 

Furthermore, reports suggested that either vascular ECs or pericytes differentiate into 

osteoblasts or precursor cells, thus indicating a direct participation of vessels in bone 

formation [166,167].  

Nf1 plays an essential role in endothelial cells at all levels and its inactivation resulted in 

elevated Ras activity [168]. Ras is one of several pivotal oncogenic pathways, which induce 

the endothelial to mesenchymal transformation or transition (EMT). EMT is a hypothesized 

program for the development of biological cells characterized by loss of cell adhesion and/or 

repression of E-cadherin expression [169]. Moreover, endothelium-derived cells can 

contribute to osteogenesis through the EMT process. Pathological activation of EMT process 

is associated with fibro-dysplasia ossificans progressiva (FOP) resulting in ectopic bone 

formation [169], which is similar to the cortical thickening in the observed in Nf1Prx1 mice in 

this study. 

In Nf1Prx1 mice, although vascularization of the fracture tissue was increased, no 

osteogenesis resulted. In addition, extracellular matrix genes were increased such as matrix 

metalloproteinase 2 (Mmp2) which belongs to a subclass of gelatinases involved in 

vasculature remodeling. Intriguingly, fibrotic tissue presence was previously reported in the 

congenital pseudarthrosis in NF1 patients [144], and also vasculopathy was seen in these 

patients [170]. Furthermore, vascular changes were reported in congenital pseudarthrosis of 

the tibia [156]. Both NF1 patients and non-NF1 patients associated with pseudarthrosis 

showed an increase in vessels and capillaries at the site of fracture. It was suggested that 

such vascular lesions in NF1 patients originate from myoblasts or myofibroblasts [171]. 

Alternatively they could stem from pluripotent neural crest cells which have the ability to 

differentiate into smooth muscle cells by local environmental factors [172]. Congruently, 

Nf1Prx1 mice showed accumulation of the smooth muscle actin positive myofibroblasts. The 

vascular origin of these cells is likely and their presence points to a possible role of the TGF-

β signaling in the deterioration of bone fracture healing in Nf1Prx1 mice as myofibroblastic 

differentiation is known to depend on this signaling pathway [173]. TGF-β was reported to 

be induced in the Nf1-/- ob osteoblasts [127].  

In the Nf1Prx1, TGF-β was not among the significantly up-regulated genes detected in the 

gene differential expression. However, the expression level of TGF-β receptor 2 (Tgfbr2) at 
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D7 in Nf1Prx1, tissue was increased. This indicates the role of TGF-β and its receptor in the 

pathology observed. 

Nf1Prx1 mice showed deviant vasculature components in the fracture callus when compared 

with the control mice. Endothelial cells have the capacity to differentiate into myofibroblast 

or even mesenchymal cells. The endothelial cells of the blood vessels are also known to 

activate Alp and Col I that are important players of mineralization. Results concerning 

Nf1Prx1 mice provide compelling evidence about the role played by vascularization itself, as 

well as the role of endothelial cells derived from blood vessels on mineralization during 

bone healing. 

Osteoclasts and bone resorption 

The cre-promoted conditional knockout in this mice model precludes osteoclasts. 

Nonetheless, osteoclasts numbers were significantly increased in Nf1Prx1 mice. Bone mineral 

density (BMD) was reduced in Nf1Prx1 mice, and the increased osteoclast numbers were 

previously proposed to explain the lower BMD parameters seen in the µCT [71]. However, 

the abundant osteoclasts in the Nf1Prx1 callus might not solely participate in the bone 

remodeling. Both the Nf1Prx1 and Nf1-/- ob mice showed increased osteoid surface, increased 

expression of RANKL and an associated increased number of osteoclasts (Fig. 5, Fig. 6) 

[127]. In Nf1-/- ob mice osteoclasts appeared to be predominantly in contact with the abundant 

trabecular bone [127]. In the Nf1Prx1 mice as well as in the local inactivation model [15], 

TRAP positive cells were present within the fibrous tissue, showing another resemblance to 

the previously reported increase in TRAP positive cells in human fibrotic pseudarthrosis 

tissue. This observation supports the theory that cells lacking Nf1 (i.e. osteoblasts, 

chondrocytes and endothelial cells) may provide osteoclast signals that impair their function 

or further their apoptosis [127]. Defected callus maturation observed in Nf1-/- ob and Nf1Prx1 

could be caused by an abnormally increased formation of osteoid [127]. This was also 

observed in NF1 patients [174]. Thus, the simple theory proposed [127,174] was that the 

impaired callus remodeling resulted from limited osteoclast access to cartilaginous, and 

calcified bone surfaces. Observations of a genetic or pharmacologic blockade of osteoclast 

activity in rodents resulting in enhanced callus size support this theory [175,176,177,178]. 

On the other hand hyperactive Ras in osteoblasts [153,162] is reported to corporate with 

osteoclasts activity through the increased osteopontin expression in osteoblasts [71]. This 

activation is also suggested to alter the function of osteoclasts through the increase in 

RANKL and mice stroma cell factor (M-SCF) in vitro. The study suggested that this 
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activation would increase the activity of osteoclasts and maturation of pre-osteoclasts, thus 

affecting its numbers [179]. A different study showed that osteoclasts isolated from NF1 

patients had a more efficient differentiation capacity and a higher survival rate than normal 

patient pseudarthrotic tissue did [180]. Furthermore, Nf1 +/- mice model reported - in 

addition to an osteoblastic deficiency – that osteoclasts were implicated in the NF1 

phenotype [181]. Therefore, the interaction between Nf1Prx1 osteoblasts and the 

preosteoclasts might be affected. This affected interaction can explain the increased bone 

catabolism as a secondary result due to the altered signaling from Nf1Prx1 osteoblasts. 

Osteoclasts were observed within the fibrous tissue in Nf1Prx1 and in pseudarthrotic tissue 

from NF1 patients. Furthermore, fibroblasts or fibroblast-like cells have shown the ability to 

degrade bone on their own. Previously, fibroblast-like synoviocytes were reported to 

participate in cartilage and bone destruction in rheumatoid arthritis patients [182]. Another 

study showed fibroblasts resulting in diseases, or, under certain physiological conditions 

they were found not only to enhance but also to actively contribute to bone resorption [183]. 

Nonetheless, one should take into consideration the indicated slower bone formation or the 

poorer bone quality in Nf1Prx1 mice. Molecular understandings support this finding. For 

instance, extracellular signal-regulated kinase (ERK) pathway's constitutive expression, due 

to the lack of Nf1, negatively regulates matrix mineralization [184]. Therefore, increased 

osteoclast activity and number in a quality-reduced poor bone would increase the resorption 

effect. 

Muscle fascia and the fracture site in Nf1Prx1 

Histological observation in the Nf1Prx1 mice callus tissue using Movat pentachrome staining 

showed a continuous tissue of collagen producing fibroblast-like cells. The fibrous tissue 

appeared to originate from the muscle layers surrounding the callus, and emerged directly 

from muscle fascia and into the fracture site in Nf1Prx1 mice. As mentioned earlier myoblasts 

or myofibroblasts are suggested not only to rise from but also to give rise to blood vessels in 

pseudarthrosis cases in NF1 patients [171]. Studies have described that nerve sheaths and 

nerve cells that accumulate surrounding small arteries could cause vascular changes in the 

periosteum of congenital pseudarthrosis of the tibia [156]. From a different angle, muscle 

tissues are rich with both vessels and nerve sheaths. Therefore, muscle tissue is a probable 

source of the fibrous tissue, especially when a tissue - originated in the muscle – is immersed 

into the Nf1Prx1 mice fracture gap. On the other hand, the fracture microenvironment is rich 
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in cytokines and growth factors, which could result in affected proliferation and 

differentiation of the cellular components in the muscle tissue. 

The significant specific role of Nf1 in skeletal muscle development was recently reported, 

[185] the mice model described in that study was also the Nf1Prx1 mice model used in this 

study. 

The current study as well states a down-regulation of muscle related genes in the Nf1Prx1 

regenerative tissue as compared to the control callus. These genes are specific to myoblasts 

and muscle tissue and are not expressed by myofibroblasts.  

A previous independent study based on the molecular analysis of sheep fracture model 

yielded similar results of differential gene expression [186]. In this study, muscle contractile 

protein coding genes were expressed in the normal callus but their expression was 

significantly lower in the mechanically instable (delayed) fractures.  

This indicates that muscle genes and their regulation could reflect properties of either normal 

or delayed fracture healing. Thus, further investigation is needed to determine the source of 

the muscle contractile protein gene expression in the normal callus as well as biological 

relevance of their altered expression in the Nf1Prx1 fractures. In other words, to utilize gene 

expression related to muscle protein as markers for bone healing. The histological 

observations and the various stains to identify this tissue show that the tissue originated from 

the muscle connective tissue. Suggesting these cells could indicate – at least in part – a 

source of the fibrous tissue within the fracture site of Nf1Prx1 mice.  

Gene expression and finger printing of altered healing in Nf1Prx1 

A global view of differentially regulated genes in the callus tissue may indicate what cell 

types are playing a role in the observed delayed bone healing in Nf1Prx1 mice. 

Up-regulation of matrix gamma-carboxyglutamate protein - commonly known as matrix 

GLA protein- (Mgp), a known inhibitor of the bone matrix mineralization expressed by 

osteoblasts and endothelial cells [187] was noted in the mutant. The protein is active in 

blood vessels to prevent their calcification. Two genes, which are related to (wingless-type 

MMTV integration site family member pathway), abbreviated Wnt were up-regulated. The 

first one is a marker of tumor blood vessels: dickkopf-3 (Dkk3) [188]; and the other gene 

encoding a member of the family of connective tissue growth factors (cysteine-rich 

61/connective tissue growth factor/nephroblastoma up-regulated 5 / Wnt-1-inducible 

signaling pathway protein-2) abbreviated Ccn5/Wisp2, which was recently found to be 

robustly expressed by the plexiform neurofibromas from NF1 patients [189] were reported. 
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The first indicates involvement of blood vessel endothelial cells the second suggests a nerve 

cell contribution. 

Expression of non-cartilaginous collagens was increased for the following types – type I: 

abundant in fibro-cartilage, type III: produced by young fibroblast of granulation tissue, type 

IV: seen in basal lamina, type VI: found in interstitial tissue, and type XVIII: which is a 

source of endostatin, an anti-angiogenic agent). The Nf1Prx1 callus tissue showed a global 

increase of expression of the translation related genes (ribosomal genes), which are likely 

required in the collagenous matrix secreting cells. Collagens and ribosomal genes could be 

correlated to the initial fibrous tissue accumulation started at D7 in the mutants. Later at 

D10, D14 and D21 type I collagen expression became less abundant in the Nf1Prx1 calluses 

compared to controls, as detected by qPCR and in-situ hybridizations. This leads one to 

conclude that the extracellular matrix composition at D10 involved type III collagen, which 

was found among the 10 up-regulated genes in the Nf1Prx1 tissue. Also at D10, the 

expression of type II and type X collagen was decreased when compared to the controls. 

This decrease reflects a defected cartilaginous callus formation. Previous reports indicated 

that type III collagen is the major collagen type found in human non-unions [140]. 

The network analysis of down-regulated genes in Nf1Prx1 mice involves a mitochondrial 

genes and trans-peptide related genes cycle. The network showed another cycle containing 

the muscle protein and muscle filaments as well as myosin. The muscle related cycle was 

closely connected to methylation and acetylation cycle, which hints of a transcriptional 

regulation in the Nf1Prx1 mice callus. 

Collectively this study showed that in the Nf1Prx1 mice differential gene expression caused 

by deviant cell types led to a long bone dysplasia. Furthermore, the subsequent fracture 

healing deterioration closely resembled NF1 pathology, yielding a unique model of 

pseudarthrosis (non-healing fracture). This model is optimally suited for future pre-clinical 

studies aimed at identifying pharmacological interventions capable of augmenting the 

fracture healing process in the NF1 tibial dysplasia.  

 

 

MEK inhibitor influences cell survival despite aiding differentiation 

Neurofibromin includes a GTPase-activating domain for Ras inactivation. Nf1Prx1 cells 

demonstrated increased constitutive activity of the Extracellular signal-Regulated Kinases 1 

and 2 (ERK 1 / 2) Mitogen-Activated Protein (MAP) kinases [16]. Thus, MEK (MAP kinase 
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kinase) inhibitors were suggested as a rational approach to NF1 therapy. The MEK inhibitors 

used in this study both produced a concentration-dependent suppression of cell proliferation 

in all three experimental groups (lovastatin control, AS703026, and AZD6244). All three 

treatments had similar effects in the experimental setup. Although the ability of all three 

drugs to suppress proliferation had already been reported, the unreported cell survival was 

the major concern of this pilot study. Previously, in a similar setup, two inhibitors U0126 

and PD184352 were reported to be cytotoxic [190]. Nonetheless, this thesis showed that 

differential effects of each MEK inhibitor on cell survival were dependent on its deployed 

concentration. Furthermore, cell viability dropped as matrix mineralization increased. One 

possible explanation is the experimental setup as such; when cells mineralize their 

extracellular matrix, their survival, which depends on nutrients uptake from the culture 

media is questionable. Unlike in vitro, at this stage in vivo, differentiated osteoblasts are 

directed into turning into osteocytes upon matrix mineralization [191]. The lack of such a 

turnover could lead to cell apoptosis. Moreover, the protocol was established for 

measurement performed on specific time-points optimized on wild-type MSCs. This 

suggests optimizing the protocol to suite cells with increased proliferation rate as the Nf1Prx1 

MSCs. However, such a drawback does not affect the main point of this pilot experiment, 

which is observing cellular behavior and reaction to the inhibitors and their concentration 

before implementing of the inhibitors in vivo. 

Lovastatin, is a cholesterol-lowering drug, which was described to reconcile part of bone 

healing in Nf1Prx1 mice [126]. In this light, taking the importance of Ras and Ras-related 

proteins into consideration, unpredictable side effects could emerge from inhibiting the 

entire pathway. This shall be minimized through a targeted inhibition of one kinase step with 

in the MAPK cascade, which could be more beneficial. Such, inhibitors are commercially 

available. Some are suggested to compensate the lack of negative regulation of MAPK by 

inhibiting a key factor on the Ras-MAPK downstream. 

MEK inhibitors are small synthetic chemical structures that are permeable through the cell 

wall. The encouragement to use the two generations was to date supported. The second-

generation inhibitors were not broadly tested. One crucial effect is their cellular toxicity. The 

concern of testing the MEK inhibitors in vitro is to assess their effect on mineralization and 

cell viability. The in vitro pilot experiments were carried out in parallel with the in vivo 

analysis. Two inhibitors were used first, AZD6244 (also, ARRY-142886) is a potent, 

selective, and ATP-uncompetitive inhibitor, which is currently underway in Phase II of 
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clinical trials for cancer patients [106]. AZD6244 has been reported to inhibit MAPK in both 

in vitro and in vivo with less toxicity compared to various other inhibitors [192,193,194]. 

Secondly, AS703026 is currently undergoing a clinical trial  phase I (BIOZOL Diagnostica, 

Germany). Both were reported as being potential therapies for colo-rectal cancer [107]. 

Despite the fact that no statistical conclusion could be deduced from the in vivo experiment 

because of the small population numbers, the descriptive histology does exhibit an improved 

bone healing in the Nf1Prx1 mice. A hallmark of AZD6244 treated mice was the cartilage 

formation. Along with the reduced fibrous tissue formation, two major healing impairments 

were improved. The advantage of this therapeutic strategy was the systemic application of 

the drug. Clinically, such an approach would have the advantage of superseding injections 

for fracture healing correction. 
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CONCLUSION 

Nf1 gene inactivation in the mesenchymal progenitors of the limb (as in Nf1Prx1 mice model) 

is sufficient to cause a mechanically unstable, non-healing fracture that recapitulates the 

conditions in NF1 patients. Such recapitulation was not fully accomplished neither by 

inactivation of Nf1 gene in a specific cell type as in the Nf1-/- ob mice model [14], nor by 

local Nf1 inactivation via adenoviral Cre recombinase delivery in Nf1 flox/flox mice model 

[15]. 

However, the main alteration in bone healing of closed femoral fracture in the Nf1Prx1 mice 

model was associated - to variable degrees - with a fibrous tissue emerging into the fracture 

callus. Although its origin could not be specified, this fibrous tissue showed an influence on 

the bone regeneration process. Fibrous tissue was previously reported of being able to 

deposit minerals as well as to play a role in resorption. Hence, the fibrous tissue influences 

the two main pillars of bone remodeling: mineralization of bone matrix by osteoblast and 

bone resorption by osteoclasts. Furthermore, the critical role of fibrous tissue in 

vascularization was reported in patient cases of pseudarthrosis [171]. Moreover, histological 

findings from the Nf1Prx1 mice model showed that muscle cells were also influenced by the 

lack of Nf1, this finding in line with the formation of hamartoma in  patients [145,146]. 

This thesis showed the accruing shift in bone healing due loss of neurofibromin and tried to 

explain this shift through examining the cellular and molecular events. Osteoblasts, 

osteoclasts, factor VII positive blood vessels, and osteoid area, all were increased in the 

Nf1Prx1 callus. This increase led us to conclude that the presence of positively detected cells 

is not relating to cellular functionality. This loss of function could be explained by the 

different maturation stage of a certain cell type or even their tissue of origin. On the other 

hand, this work showed a potential treatment which will scarcely affect cell viability and at 

the same time positively influence the outcome of bone healing. However, further 

histological analyses such as osteoid measurement, and MEK immunolabeling in the treated 

mice would allow us to follow up on the cellular effect of the treatment. 
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IMPLICATIONS AND FUTURE DIRECTIONS 

This thesis along with previous reports [126,127], indicated how a dysfunction caused by 

loss of Nf1 would impair callus maturation and weaken its mechanical properties.  

The experimental design investigated the reparative and remodeling phase but not the 

inflammatory phase. Endothelial cells, for example, are known to dysfunction upon 

inflammatory activation, which up-regulates the expression of adhesion molecules on the 

surface of the endothelium leading to recruit the circulating inflammatory cells to the vessel 

wall [195]. This could be the reason the vasculopathy in both the Nf1Prx1 mice model and 

NF1 patients. Such an aspect, supported by the reported influence of inflammatory reactions 

on bone healing [196], advocates further investigation. 

Therapeutic intervention was always a driving motivation in NF1 studies related to non-

union bone healing. Several studies suggested local delivery of a low-dose lovastatin to 

improve bone healing in NF1 mice models and eventually in patients. Statins can act both as 

bone anabolic and as anti-resorptive agents. Statins in general are inhibitors of 3-hydroxy-3-

methyl-glutaryl coenzyme A (HMG-CoA) reductase, which catalyzes a rate-limiting step in 

the biosynthesis of cholesterol [128]. Lovastatin, the cholesterol-lowering drug, was also 

described to reconcile part of bone healing in Nf1Prx1 mice [126]. However, this thesis 

showed another potential therapeutic strategy which is systemically and not locally 

delivered. This clinical advantage is highly relevant for future developments of the 

AZD6244 inhibitor. 

Nonetheless, along with the potential improvement of bone healing in Nf1Prx1 mice through 

systemic application of AZD6244 inhibitor, a few main issues need to be dissected further: 

Would a periodic treatment with AZD6244 reduce the muscle fascia noticed around the 

intact bone? To what degree do these tissues contribute to bone healing? Which cells are 

more important to target therapeutically, myofibroblasts or the unidentified fascia cells? 

A mice model with in vivo cell labeling would allow the tracking of specific cells. Then the 

role of Nf1 could be examined concerning its influences on cells' behavior and their 

contribution to bone healing.  

Another interesting outlook would be the combination of AZD6244 with factors known to 

induce bone formation as BMPs. Optimizing such a combination could improve the potential 

therapeutic outcome. 
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Figure 35 Mice numbering using ear 
punching 

APPENDICES 

APPENDIX A 

Genotyping for transgenic mice strain breeding 

MATERIAL  
TNES Buffer 10 mM Tris, pH 7.5; 400 mM NaCl; 100 mM EDTA; 0.6% SDS 
NaCl 6 M saturated salt solution stored at 37°C 
Proteinase K Proteinase K (10 mg/ ml) 03115801001 Roche diagnostics Mannheim, Germany  
TE Buffer 10 mM Tris, pH 8.0, 1 mM EDTA 
TAE buffer 40 mM Tris-acetate, 20 mM glacial acetic acid, 1 mM EDTA pH 7.5 
Ethidium Bromide 0.5 µg/ ml, Carl Roth GmbH Germany 
Loading buffer 50 mM EDTA, 0.25 % bromophenol blue, 0.25 % xylene cyanol FF, 25 % Ficoll 40 
70% EtOH Standard Ethanol, Carl Roth GmbH Germany 

 
Isolation of DNA from mice tail-biopsies 

Protocol 
1. Mark mice using ear punching. See Fig. 35 

2. Obtain tail biopsies from 2 to 3-week old mice; hold 

mice firmly, cut off  0.25 to 0.4 cm of the tail tip with a 

sharp scissors 

3. Place tail tip in a clean tube 

4. Add 600 µl of TNES and 35 µl proteinase K  

5. Incubate  for 8 - 24 hours at 55°C 

6. Add 700 µl 6M NaCl, vortex for 15 seconds 

7. Centrifuge at 12,000 - 14,000 g for 5 min at RT 

8. Remove supernatant to new tube and add 1 volume 

cold absolute ethanol (EtOH) 

9. Spin down to precipitate DNA 13,000 x g for 10 

minutes 

10. Wash DNA pellet with 70% EtOH, spin as in step 5 

and allow to air dry 

11. Re-suspend in 100 - 500 µl (volume depends empirically on pellet size) 

12. Heat at 65°C for 10 minutes to aid DNA dissolution 

13. Store at 4°C until needed 

 
Amplification of DNA from mice tail-biopsies 

Protocol 
 

PCR Mixture 

Compound and concentration Amount per reaction 
Double distilled water 13.3 µl 
5X PCR buffer  5 µl 
50 mM MgCl2 2.5 µl 
10 mM nucleotides mixture (dNTPs) 1 µl 
10 pmoles forward primer 1 µl 
10 pmoles reverse primer 1 µl 
gDNA 1 µl 
1-2 U Taq DNA polymerase 0.2 µl 
Total volume 25 µl 
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PCR Program 

PCR step Temperature (°C) Time in seconds No. of cycles 

Initial denaturation 94 300 1 

Denaturation  94 30  

Annealing  Cre 55; Nf1 50 30 35 

Elongation 72 70  

Prolonged Elongation 72 300 1 

Store 4 ∞  

 
Primer sequences used for detection of the Cre transgene in the Prx1-Cre mice strain 

Primer Sequence 
Cre1 , sense 5‘ GAGTGATGAGGTTCGCAAGA 3’ 
Cre2, anti-sense 5’ CTACACCAGAGACGGAAATC 3’ 
NF1 P1 5’ CTTCAGACTGATTGTTGTACCTGA 3’ 
NF1 P2 5’ CATCTGCTGCTCTTAGAGGAACA 3’ 
NF1 P3 5’ ACCTCTCTAGCCTCAGGAATGA 3’ 
NF1 P4 5’ TGATTCCCACTTTGTGGTTCTAAG 3’ 

 
Agarose Gel 

1. Weigh 1 % (w/v) agarose and dissolve 1X TAE buffer using a microwave oven 

2. Cool the mixture down to 50°C and add ethidium bromide (0.5 µg/ ml, Roth) 

3. Cast and let solidify in a probable gel tray provided with a suitable comb 

4. For electrophoresis, the gel was submerged in a electrophoresis chamber in 1X TAE running buffer 

5. Mix samples with 6X loading buffer and load next to an appropriate DNA marker 

6. Run gel at 60 - 100 V or 30 - 40 minutes 

7. Document DNA migration by photography 
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Figure 36 Bones order and 
preparation before µCT 
scanning. 

 

APPENDIX B 

Microcomputer tomography 

Sample preparation 

To rationalize the scan’s time and handling, four bones from two animals of the same group were scanned at a time. Two 

fractured femora and two contralateral ones (right) 

Protocol 
1. Cut a 1 ml plastic dropper longitudinally from one side from top to middle, 

also cut off dropper upper squeezer 

2. Place the bones fractured followed by contralateral of same mice 

3. Position femurs of mice with larger number south, near the droppers tip 

4. Place the loaded dropper in a 15 ml falcon tube with the appropriate liquid 

(Fig. 36) 

5. To pursue with histology, fill tubes with 4 % PFA 

6. To pursue with biomechanics; fill tubes with 0.9% sodium chloride solution 

7. Beware of air bubbles formation as this will cause artifacts in µCT image 

8. Place the tube in the device holder, tip inward, and then clamp tightly 

9. Slide the holder to the central notch, and then close the catch 

10. Scan using the preset measurement file (see table on the next page) 

11. To start scan by clicking (Edit  Find Okcustomer /research institute 

then Exit (note: screen shots are available on the online manual from 

Scanco) 

12. Name your scan, then choose D_NF_1 as your group 

13. Choose control file (the scan parameter) named D_NF_1 

14. Start a scout view scan, it’s required to set the region of interest (VOI) of 

each bone (Fig. 34) 

15. Save (name D_NF_1_Date_ [No. mice1]_[No.mice2].TIFF 

16. Click reference line and move the cursor to your scout view to set VOI 

17. VOI in fractured bones cover the whole callus with roughly about 630 

sections in the control mice and 540 in the Nf1Prx1 

18. VOI in contralateral bones covered 240 sections of the midshaft matching the 

fracture site 

19. After saving the scout view, and defining the ROI on all four bones click 

batch scan 

20. The scan will result some 600 and some 200 slice for each mice, each of 

which is a cross sectional 2D X-ray image and has to evaluated semi-

automatically 

21. The investigated area was limited to the callus of the fractured bone and the 

cortex of the intact bone 

22. Set contrast (1 / 1000 Unit; Callus 100 : 140; cortex 200 : 270) adapt all 

relevant areas 

23. Outline (contour) at least one section (counterclockwise contouring include 

in analysis) 

24. Click ’literate’ to automate the contouring, stop when contouring failure 

appears 
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25. Recheck the contouring by clicking one each section 

26. Save the contoured 2D images as Global Object file (GOBJ) 

27. Both cortical bone and bone marrow were excluded (contoured clockwise) in fractured and contralateral bones 

28. Automatic contouring of complex callus requires continuous improving or one can choose to manually contour 

two distant sections then click Morph to automatically contour the sections confined between them 

29. Volume of interest is then automatically evaluated, a preset threshold of 190 mg hydroxyapatite which was 

optimized using trial and error to set the edge between newly mineralized tissue and non-mineralized tissue 

30. Finally, several data could be extracted as bone volume, total callus volume 
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Figure 37: Region of interest  

(Callus yellow, intact red) 

 

 

Parameters of µCT scan 
 

MEASUREMENT VALUE 
E(kVp) 70 
i(μA) 114 
High resolution Isotropic 
Cone beam (10.5) 3um3 
Integration time 21.5 mm 

Calibration 381 ms 
 70kVp 
Global threshold 190 mgHA/cm3 
 Scaling 4 

 

 

 

Figure 38: Contouring 
(exclude cortices 
[north], include callus 
[south]) 
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APPENDIX C 

Preparation of bone samples for paraffin embedding 

MATERIAL  
Ethanol 100% Herbeta drug, Berlin, Germany *Methyl Ethyl Ketone (MEK) denatured 
EDTA EDTA decalcifying solution, Herbeta Drug, Berlin, Germany 
Paraffin Leica Microsystems, Nussloch GmbH Germany EG1120 
PFA 4 % W/V Parafromaldehyde powder in DEPC treated water pH 9.1 

 

Dehydration machine steps 

Step Solution Time (m) Repetition 
1 70% Alcohol 60 1X 
2 80% Alcohol 60 1X 
3 96% Alcohol 120 2X 
4 100% Alcohol 120 2X 
5 100% Alcohol 180 1X 
6 Xylol 60 2X 
7 Paraffin 120 2X 

 

Protocol 

1. Fixate bones for 48 hours in 4% PFA 

2. Decalcify bone at 4°C in a 1:2 mixture of 4% PFA and EDTA for 3 weeks, change solution twice a week 

3. Place in dehydration cassettes and rinse for 1 hour under running tap water 

4. Dehydrate in the machine as stated in the table above; all steps are done at RT 

5. Pre-heat casting molds at 60°C in the incubator to prevent instant solidifying 

6. Place sample on its side down in the mold and hold gently with forceps 

7. Place on heat plate and pour 56°C paraffin from the heated tank 

8. Remove carefully and place on the -5°C cooling plate for 15 minutes 

9. Remove from mold and keep at RT 
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APPENDIX D 

Preparation of bone samples for plastic embedding 

MATERIAL  
Pre-infiltration solution Technovit basic solution (Technovit ® 9100 New, Cold-curing plastic, Heraeus Kulzer 

GmbH, Wehrheim, Germany) 
Xylene Mallinckrodt Baker BV, Deventer, Holland 
Aluminum Ion Exchange 
Column 

Active Aluminum Oxide 90 neutral, Merck KGaA, Darmstadt, Germany 

PMMA Technovit ® 9100 New, Heraeus Kulzer GmbH, Wehrheim, Germany 
Catalyst 1 Technovit ®, Benzoyl peroxide, Heraeus Kulzer GmbH, Wehrheim, Germany 
Catalyst 2 2 (N, N, 3, 5 tetramethyl aniline), Heraeus Kulzer GmbH , Wehrheim, Germany 
Dodecanethiol Dodecyl Mercaptan Heraeus Kulzer GmbH, Wehrheim, Germany 
Solution A 500 ml destabilized solution, 20 g of PMMA powder and 3 g of catalyst 1 
Solution B 50 ml destabilized solution, 4 ml catalyst 2 and 2 ml 1-Dodecanethiol as stabilizer. 
 

Step Solution Time in days 
1 70%  alcohol 2 
2 80% alcohol 3 
3 96% alcohol 3 
4 96% alcohol 7 
5 100% alcohol 7 
6 100% alcohol 7 
7 100% alcohol 7 

Alcohol diluents made using 100% alcohol and distilled water 

 

Preparations 

1. Destabilize pre-infiltration solution using an aluminum ion exchange column then dissolve 5g of catalyst 1 

2. Prepare infiltration solution by dissolving 20 g PMMA powder in 250 ml destabilized solution (without 

catalyst), after complete dissolve add 1g of catalyst 1 

 

Protocol 

1. Fixate bones for 48 hours in 4% PFA 

2. Dehydrate as stated in the table above; all steps are done at RT 

3. Soak in xylene to remove fat traces 

4. Incubate bones in destabilized pre-infiltration solution 24 hours at RT 

5. Incubate in infiltration solution 

6. Mix Solution A and solution B in 9:1 ratio to make embedding mixture 

7. Place sample in a plastic cylinder side down and pour 5 ml of embedding mixture 

8. Seal the cylinder as air-tight as possible and let to polymerize for 48 hours at 4°C 

9. Store blocks at RT until needed 
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APPENDIX E 

Preparation of bone samples for cryostat embedding 

MATERIAL  
Cryofilm  Cryofilm type II C(9), Section lab Co. Ltd. Japan 
Embedding medium  SECM embedding medium Section lab Co. Ltd. Japan 
Acetone Acetone 3221,  Sigma Aldrich GmbH, Steinheim, Germany 
n-Hexane n-Hexane 95% analytic grade, Carl Roth GmbH Germany 
PFA 4 % W/V Parafromaldehyde powder in DEPC treated water pH 9.1 

 

Fixation and dehydration steps 

Step Solution Time (h) Temp 
1 4% PFA 2 4°C 
2 10% sucrose 24 4°C 

3 20% sucrose 24 4°C 
4 30% sucrose 24 4°C 

 

Protocol 

1. Use  a safe cold tolerant container (i.e. liquid nitrogen container) 

2. Place round about 500 g of dry ice in the container.  

3. Add acetone to the dry ice until it gets 2 - 3 centimeter above the ice, work under the fume hood! 

4. Pour the hexane in a cold tolerant beaker, the liquid shall be 2-3 centimeter deep. 

5. Place the beaker in the dry ice-acetone container; add acetone if needed so that hexane (inside) and acetone 

(outside) will be both have the same height. 

6. Drip the bone samples dry, and then place in the stainless steel molds  

7. Add embedding medium to the samples. 

8. Place the filled mold in the hexane and hold it so that coldness comes through the outer sides of the molds. 

Beware not to let the hexane encounter the medium before solidifying. 

9. Remove the formed block carefully and place in a labeled precut saran foil. 

10. Wrap tightly and store at -80°C until sectioning. 

 
 

99 



APPENDICES   

APPENDIX F 

Movat pentachrome staining 

MATERIAL  
Alcian blue  Dissolve 1 g 8GS, (Chroma ®, Muenster, Germany, 1A288) in 99 ml ddH2O and1 

ml glacial acetic acid 
Weigert's iron 
hematoxylin 

Solution A: 1 g hematoxylin (Merck 4302) in 100 ml, 96% EtOH dissolve 
thoroughly until the solution turns reddish brown 
Solution B: dissolve 1.16 g  FeCl3*6H2O (Merck 3943) in 99 ml ddH2O and 1 ml of 
25% HCl.  
Working solution: mix A and B in 1:1 ratio 

Brilliant crocein-
fuchsine 

Solution A: 0.1 g Brilliant crocein R (Chroma ®, Muenster, Germany 1B109) in 
99.5 ml ddH2O and 0.5 ml of glacial acetic acid 
Solution B: 0.1 g acid fuchsine (Merck 7629) in 99 ml and 1 ml of ice-cold ddH2O  
Working solution: mix A and B in 5:1 ratio 

PWS  5 % PWS (Chroma ®, Muenster, Germany) 3D092 diluted in ddH2O 
Saffron du grâtinais Dissolve 6 g (Chroma ®, Muenster, Germany 5A394) in 100 ml of 100% EtOH and 

incubate at 50°C for 48 hours 
 

Protocol 

1. Deparaffinize sections via xylene 2 X 10 minutes and descending percentage of ethanol 100%, 96%, 80%, 

70% for 2 minutes each 

2. For cryostat sections, skip step 1, leave at RT for 30 minutes then proceed with step 3. 

3. Rehydrate in distilled water for 2 minutes 

4. Stain in alcian blue for 10 minutes 

5. Wash in running tap water for 5 minutes 

6. Stain in alkaline ethanol for 1 hour. (Working elastic solution) 

7. Wash in running tap water for 10 minutes 

8. Rinse in distilled water 

9. Place in the Weigert’s iron hematoxylin stain 10 minutes (stains connective tissues) 

10. Rinse in distilled water 

11. Wash in running tap water for 15 minutes 

12. Place in brilliant crocein R-fuchsine solution for 12 minutes and 30 seconds.  

13. Place in 0.5% aqueous acetic acid for 30 seconds 

14. Place in 5% PWS (phosphor/tungsten mix solution) until collagen is clear and ground substance is blue 

15. Place in 0.5% aqueous acetic acid for 2 minutes with con shaking 

16. Place in three changes of absolute ethanol for 5 minutes each 

17. Place in the saffron du grâtinais dye to stain collagen and connective tissue for 1 hour 

18. Dehydrate quickly in absolute ethanol, 3 changes. Then place it in absolute ethanol for 2 minutes 

19. Clear in xylene, two changes for 5 minutes each 

20.  For cryostat sections, do not forget to cut the golden edges of the film before mounting, drain-dry then mount. 

21. Cover slip slides after mounting, use a resinous mounting medium (Vitroclud) 
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APPENDIX G 

Tri-chrome (gallocyanin – chromotrop 2 R – aniline blue) staining 

MATERIAL  
Gallocyanin stain solution  Dissolve 0.3 g of gallocyanin (Chroma ®, Muenster, Germany A48610) 

in 200 ml ddH2O and 10 g Chrome alum (FLUKA 60152) 
PWS Phosphor/Tungsten mix 
solution 

5 % PWS (Chroma ®, Muenster, Germany) 3D092 in ddH2O 

Aniline blue staining solution  Dissolve 0.5 g aniline blue (Chroma ®, Muenster, Germany 1A-476) in 
100 ml ddH2O, add 400 µl of glacial acetic acid. 

Chromotrop 2 R staining 
solution  

Dissolve 0.2 g Chromotrop 2 R (Fluka 27140) in 200 ml 96% alcohol 
then add 400 µl of glacial acetic acid. 

 

Protocol 

1. Deparaffinize sections via xylene 2 X 10 minutes and descending percentage of ethanol 100%, 96%, 80%, 

70% for 2 minutes each 

2. Rehydrate in distilled water for 15 minutes 

3. Stain in gallocyanin stain solution for 24 hours. 

4. Rinse in distilled water 

5. Dehydrate in ascending alcohol solution 70%, 80%, 96% for 1 minute each. 

6. Place in the Chromotrop 2 R solution for 30 minutes  

7. Dip slides briefly in 1 % acetic acid 2 X with shaking. 

8. Place in 5% PWS for 5 minutes. 

9. Dip again briefly in 1% acetic acid with shaking. 

10. Place in the aniline blue staining solution for 2 minutes. 

11. Dip slides briefly in 1 % acetic acid 2 X with shaking. 

12. Dip briefly in 96% alcohol. 

13. Dehydrate quickly in absolute ethanol, 3 changes. Then place it in absolute ethanol for 2 minutes 

14. Clear in xylene, two changes for 5 minutes each 
15. Cover slip slides’ after mounting, use a resinous mounting medium (Vitroclud) 
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APPENDIX H 

Tartrate-resistant acid phosphatase staining 

MATERIAL  
TRAP buffer Dissolve 3.28 g sodium acetate (Merck, 6268), 46.01 g of sodium Tartrate (Merck 6663) 

in 1 l, pH 5.0 
TRAP staining 
solution 

4 ml N, N-di, ethylformamide (Sigma D4551), 40 mg naphthol AS-Mix-phosphate 
(Sigma N5000); 240 mg Fast Red Violet LB Salt (Sigma F3381); 2 ml of Triton X 
Dissolve in 200 ml TRAP buffer 

Methyl Green Dissolve 1 g methyl green (Merck 1.15944) in 100 ml ddH2O then add 25 ml absolute 
ethanol 

 

Protocol 

1. Deparaffinize sections via Xylene 2 X 10 min and clean in a descending percentage of ethanol 100%, 96%, 

80%, 70% for 2 minutes each 

2. Rehydrate in TRAP buffer for 10 minutes 

3. Stain in TRAP staining solution at 37°C for 60 minutes  

4. Submerge in distilled water to stop the reaction 

5. Counter-stain by soaking in methyl green for 15 minutes 

6. Rinse in distilled water 

7. Dehydrate by brief rinsing in ascending ethanol 70%, 80%, 96%. 

8. Place it in absolute ethanol for 2 minutes 

9. Clear in Xylene, two changes for 5 minutes each 

10. Cover slip slides’ after mounting, use a resinous mounting medium (Vitroclud) 
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APPENDIX I 

Van-Gieson/Von Kossa staining 

MATERIAL  
MEA (2-methoxyethylacetat) [Merck 806061] 
Silver nitrate solution Dissolve 3 g silver nitrate (Merck, 1512) in 100 ml ddH20 
Sodium carbonate-formaldehyde 
solution 

10 g Na2CO3 (Merck 6392) with 25 ml of 37% formaldehyde solution 
to 100 ml ddH2O 

Van Gieson's mixture Chroma ®, Muenster, Germany 2E050 
Sodium thiosulfate 5 g Na2S2O3 (Merck, 6516) in 100 ml ddH20 

 

Protocol 

1. Deplastify sections in MEA 3 X 30 minutes and descending percentage of ethanol 100%, 96%, 80%, 70% for 

2 minutes each 

2. Rehydrate in distilled water for 2 minutes 

3. 3% aqueous solution of silver nitrate (AgNO3) for 10 minutes 

4. Rinse 3X in distilled water 

5. Sodium carbonate solution for 2 minutes 

6. Rinse in running tap water for 10 minutes 

7. 5% sodium thiosulfate solution (Na2S2O3) for 5 minutes 

8. Submerge in distilled water to stop the reaction. 

9. Counter-stain by soaking in methyl green for 15 minutes 

10. Rinse in running tap water for 10 minutes 

11. Rinse 5X in distilled water  

12. Place in the Weigert’s iron hematoxylin stain 6 minutes 

13. Rinse in running tap water for 10 minutes 

14. Place in Van Gieson's mixture for 3 minutes 

15. Dehydrate by rinsing in 96% ethanol 

16. Place it in absolute ethanol two changes for 1 minute each 

17. Clear in xylene, two changes for 5 minutes each 

18. Cover-slip after mounting with a resinous mounting medium (Vitroclud) 
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APPENDIX J 

Immunohistochemical staining 

MATERIAL  
ABC- AP Kit Biotinylated universal Antibody - Alkaline phosphatase, AK 5200, Vectastatin 

ABC Kit, Vector Laboratories - CA, USA 
AP-substrate Alkaline phosphatase substrate kit, SK 5100, Vector Laboratories – CA, USA 
Citrate buffer Antigen Retrieval Buffer (pH 6.0; ab93678) 
Citric acid (anhydrous) 1.92 g /l 
DAPI (blue) ab104140 dilution 1:300, Abcam, Germany 
Desmin  Primary antibody, rat monoclonal, CM 036 Biocare Medical – CA, USA 
Factor VIII (1:200) Primary antibody, rabbit polyclonal, CP 039 Biocare Medical – CA, USA 
Factor VIII secondary antibody Anti rabbit IgG (made in goat, BA 1000, Vector Laboratories) 
Myosin primary antibody ab8070 Abcam dilution 1:1000 Abcam, Germany 
Myosin secondary antibody (red) Goat anti Mice – Red Alexa fluro 564 Invitrogen, Germany 
NaOH Sigma Aldrich – Mo, USA  
Osteocalcin (1:4000) / TBS Primary antibody mice; PAB, ALX 210 333, Enzo life sciences – UK 
Osteocalcin secondary antibody  Anti rabbit IgG (made in goat, BA 1000, Vector Laboratories) 
SMA primary antibody ab5694 Abcam dilution 1:200 Abcam, Germany 
SMA secondary antibody (green) Goat anti Rabbit- Alexa fluro 488, Invitrogen, Germany 
Tween 20 Carl Roth GmbH Germany 
TBS TRISMA® Base, T1503, Sigma Aldrich GmbH, Steinheim, Germany; Trizma ® 

hydrochloride, reagent grade T3253, Sigma Aldrich GmbH, Steinheim, 
Germany; NaCl, Merck 

Trypsin Trypsin, Sigma Aldrich – Mo, USA  
Pepsin Pepsin, Sigma Aldrich – Mo, USA  
Chromogen buffer DAB Chromogen Kit BDB2004 
Permeabilization buffer 
 

5% Normal Goat Serum, 3% BSA, 0,1% Triton X 100, 0,1% Saponin / TBS (Pro 
50 ml: 2.5 ml serum + 1.5 g BSA + 500 µl 10% Triton X 100 + 500 µl 10% 
saponin) 

General protocol (for desmin, factor VIII, and osteocalcin) 

1. Deparaffinize sections via Xylene 2 X 10 minutes and clean in a descending percentages of ethanol 100%, 

96%, 80%, 70% 2 minutes each 

2. Wash in PBS for desmin and factor VIII, in TBS for osteocalcin 2 X 5 minutes 

3. Mark section with fat marker 

4. Pretreatment with digestive enzymes  

a. Desmin and osteocalcin treated with trypsin (10 minutes, 37°C) 

b. Factor VIII pepsin (30 minutes, 37°C) 

5. Wash PBS for desmin and factor VIII, in TBS for osteocalcin 2 X 5 minutes 

6. Incubate in normal goat serum in RT for 30 minutes 

7. Incubate with primary antibody at 4°C overnight 

8. Wash in PBS for desmin and factor VIII, in TBS for osteocalcin 2 X 5 minutes 

9. Incubate in secondary antibody at RT for 30 minutes 

10. Wash in PBS for desmin and factor VIII, in TBS for osteocalcin 2 X 5 minutes 

11. Incubate with AB Complex at RT for 50 minutes 

12. Wash in PBS for desmin and factor VIII, in TBS for osteocalcin 2 X 5 minutes 

13. Incubate in chromogen buffer 2 X 5 minutes 

14. Incubate with AP substrate until a clear color is detected 

15. Counter stain with methyl green for osteocalcin and factor VIII and hematoxylin for desmin 

16. Rinse in distilled water 

17. Dehydrate by brief rinsing in ascending ethanol 70%, 80%, 96%. 

18. Clear in Xylene, two changes for 5 minutes each 

19. Cover slip slides’ after mounting, use a resinous mounting medium (Vitroclud) 
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Protocol of immunofluorescence labeling of alpha SMA, myosin and DAPI 

1. Warm up sections 10-15 minutes in 55°C incubator 

2. Deparaffinize sections via Xylene 2 X 10 minutes and clean in a descending percentage of ethanol 100%, 96%, 

80%, 70% for 2 minutes each 

3. Rehydrate in distilled water for 10 minutes 

4. Antigen retrieval / cooking in citrate buffer using a microwave oven as follows 

a. Cook for 3 minutes at stage 3 (700 Watt) 

b. Keep at RT for 5 minutes  

c. Cook for 3 minutes at stage 2 (400 Watt) 

d. Allow to cool down to RT 

5. Wash in TBS 3 X 5 minutes at RT 

6. Incubate in permeabilization buffer for 15 minutes at RT 

7. Wash in TBS 1 X 5 minutes at RT 

8. Inactivate endogenous peroxidase for 10 minutes at RT (2 ml of 30% H2O2 add 18 ml 1 x TBS) 

9. Blocking for 1 hour  at RT with 5%  NGS, 3% BSA / TBS 

10. Wash in TBS 3 X 5 minutes at RT 

11. Incubate in primary antibody over night at 4°C:  

a. Rabbit anti aSMA1 (1:200 in 5% NGS, 3% BSA / TBS) 

b. Mice anti Myosin (1:1000) 

12. Wash in TBS 1 X 5 minutes TBS at RT 

13. Incubate in secondary antibody for 1 hour at RT: 

a. Goat anti Rabbit- Green Alexa 488  

b. Goat anti Mice – Red Alexa 564 

c. DAPI 

14. Wash in TBS 1 X 15 minutes 

15. Cover-slip slides after mounting with Fluoromount 
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APPENDIX K 

In situ hybridization 

MATERIAL  
Proteinase K Stock concentration 20 mg/ml dissolved in 1x PBS buffer 
PBST 1x PBS + 0.1% Tween 20 
TEA Stock 1M Tetraethylammonium , store in dark at 4°C 
20X SSC 88.200 g/l Trisodiumcitratedihydrite, or 96.685 g/l Citric acid monohydrate and 

175.300 g/l NaCl, add 800 ml ddH2O, mix until it is completely dissolved, adjust 
pH to 8.0, then autoclave. 

10X Maleic acid buffer (MABT) 116 g maleic acid; 88 g NaCl; plus 800 ml ddH2O, pH 7.5 with solid NaOH,  
0.05% Tween 20, fill up to 1 l with ddH2O 

Hybebuffer  1 ml 1M Tris pH 7.5, 12 ml 5M NaCl, 200 µl 0.5M EDTA, 12.5 ml 20% SDS, 
25 ml 40% Dextran Sulfate, 2 ml 50x Denhardt solution (1% Ficoll 400 (Sigma 
#F4375), 1% Polyvinylpyrridon (Sigma #PVP10), 1% BSA (Sigma #A2153 – 
100g), 1g of each aforementioned for every 50x Denhardt’s), 50 ml Formamide, 
2 ml Yeast-tRNA (Gibco 10 mg/ml), fill up to 100 ml, then store as 8 ml aliquots 
at –20°C 

10x RNase washing buffer 800 ml of 5M NaCl, 100 ml 1M Tris pH 7.5, 100 ml 0.5M EDTA pH 8.0 
Blocking solution 20% HISS / MABT) Roche diagnostics Mannheim, Germany 
ALP buffer 16 ml 5M NaCl, 80 ml 1M Tris pH 9.5, 40 ml 1M MgCl2, 4 ml 10% Tween 20 

add ddH2O to 800 ml 
Collagen Ia2 template (primers) sense: 5’ CCCTACTCAGCCGTCTGTGC 3’ 

anti-sense: 5’ GGGTTCGGGCTGATGTACC 3’ 
Collagen IIa1 template (primers) sense: 5’ CCTAGTACCGTTATGTCCTT 3’  

anti-sense: 5’ CATGGTAACCTGCTAATGC 3’ 
Osteopontin template (primers) sense: 5’ GATGAATCTGACGAATCTCAC 3’  

anti-sense: 5’ CTGCTTAACCCTCACTAACAC 3’ 
Taq polymerase BioTherm (Natutec) or CombiZyme (4 U/µl, Invitek GmbH) 
DIG RNA Labeling Kit (SP6/T7) digoxigenin-UTP by in vitro transcription with SP6 and T7 RNA polymerase, # 

11175025910,  Roche diagnostics Mannheim, Germany 
αDIG-Antibody # 11 093 274 910, Roche diagnostics Mannheim, Germany 
NBT/BCIP Stock Solutions # 11 681 451 001, Roche diagnostics Mannheim, Germany 
 

Protocol (General protocol, only one probe was used at a time!) 

Protocol for preparation of RNA antisense labeled probes from PCR product (probe labeling and quality control was done 
by the technical assistant team at Max Planck institute of molecular genetics, research group development and disease and 
the protocol was provided by Dr. Mateusz Kolanczyk)  
 
PCR reaction 
 

Compound and concentration volume 
H2O 33 
10X buffer with 15 mM MgCl2 5 µl 
1.25 mM dNTPs  2.5 µl 
10 pmol sense Primer 2.5 µl 
10 pmol anti-sense primer 2.5 µl 
DNA template 1 µl 
DMSO 2.5 µl 
Taq polymerase (10 U/µl)* 1 µl 
Total volume  50 µl 

PCR program  
 

PCR step Temperature (°C) Time in seconds No. of cycles 

 Initial denaturation 94 300 1 

Denaturation  94 30  

Annealing  56 30 30 

Extension 72 60  

Final extension 72 300 1 

Cooling  4 ∞  
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• Check 5 µl PCR product 5 µl on a 1% agarose gel 
• Purification the PCR product using QIAquick PCR Purification Kit # 28104, follow the manufacturer's protocol  
• Dilute purified product in 150 µl of Rnase free water. 

 
Labeling of anti sense RNA 
 
DIG RNA Labeling Kit (SP6/T7) was used to amplify and labels the RNA probes 
 

1. In-vitro Transcription: 

Compound and concentration volume 
200 ng of PCR template 1 µl 
DIG RNA labeling mix 2 µl  
10x transcription buffer 2 µl  
Rnase inhibitor 1 µl  
RNA polymerase 2 µl 
Rnase free H2O 12 µl  
Total volume  20 µl 

 
a. Mix well then incubate for 2 hours at 37°C 

b. add 2 µl Dnase I and incubate 15 minutes at 37°C 

c. Stop the reaction with 2 µl 0.2 M EDTA pH 8.0 

 
2. LiCl precipitation 

20 µl in-vitro transcription 

  100 µl DEPC-treated H2O (Rnase free) 

  10 µl  4M LiCl (in Rnase free water) 

  300 µl  cold 75% ethanol 

 

a. Mix the above listed solutions by gentle vortex  

b. Incubate for 30 minutes at -80°C 

c. Spin down for 20 minutes 13,000 x at 4°C 

d. Wash with 75% ethanol/ Rnase free water 

e. Spin for 10 minutes 13,000 x at 4°C 

f. Re-suspend pellet in 100 µl Rnase free water 

g. Check 5 µl RNA on a 1% agarose gel, and store te rest at -80°C 

 

Hybridization protocol  
 

• All solution and buffers MUST be prepared in DEPC treated water (Rnase free water), including 

4% PFA, PBS, PBST, and all ethanol dilutions 

• Use only Rnase-free cuvettes, Rnase free water, Hybebuffer treated coverslips and probes!!! 

• Heat sections for an hour at 60°C on a heater 

• Pre-warm Hybebuffer and hybridization oven to 65°C before starting 

 
1. Deparaffinization and rehydration  

h. Deparafinize sections in Ultra Clear for 2 x 15 minutes  

i. Wash in 100% ethanol, 2 x 10 minutes  

j. Place in 75% ethanol in (Rnase free) H2O for 5 minutes  

k. Place in 50% ethanol in (Rnase free) PBS for 5 minutes  

l. Place 25% ethanol in (Rnase free) PBS for 5 minutes  

m. Reins in (Rnase free) PBS, 2 x 5 minutes  

n. Put sections in (Rnase free) 4% PFA for 10 minutes at RT   
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o. Rinse in (Rnase free) PBST  

p. Wash in (Rnase free) PBST, 2 x 5 minutes  

q. Pretreatment with 300 µl Proteinase K for 20  minutes  

r. Rinse in (Rnase free) PBST  

s. Wash in (Rnase free) PBST, 2 x 5 minutes  

t. Put sections in (Rnase free) 4% PFA for 5 minutes at RT, then stor PFA at 4°C. 

u. Rinse in (Rnase free) PBST  

v. Wash in (Rnase free) PBST, 2 x 5 minutes  

w. Acetylation: this step is important to reduce background 

i. Incubate in 0.1M TEA + 500 µl acetic acid anhydride and fill up to 200 ml with Rnase free 

H2O 

ii. Rinse in (Rnase free) PBST  

iii. Wash in (Rnase free) PBST, 2 x 5 minutes  

 
2. Pre-hybridization 

a. Place slides in an Rnase-free dark humid box (soak towels in 5xSSC/ 50% Formamide in a 1:1 ratio) 

pipette 150 µl pre-warmed Hybebuffer and cover with coverslips. Seal the box with adhesive tape to 

ensure humidity. 

b. Pre-hybridize for 1 – 4 hours at 65°C, better results were seen with longer pre-hybridization time.  

 
3. Hybridization 

a. For each slide, denature 1 µl of the DIG-labeled probe in 150 µl Hybebuffer for 5 minutes at 85°C 

b. Remove coverslips of the slides, add the probe and incubate overnight at 65°C 

 
4. Washing steps  

a. Preheat the water bath at 37°C, prewar all washing solutions to the requested temperature 

b. Place slides in 5xSSC, then carefully remove the coverslips of the slides 

c. Wash for 30 minutes in 1xSSC / 50% Formamide (1:1) at 65°C 

d. Wash in Rnase washing buffer at 37°C for 10 minutes 

e. Wash in Rnase washing buffer at 37°C for 30 minutes, add 400 µl Ranse of 10 mg/ml per 200 ml  

f. Wash in 2xSSC for 20 minutes at 65°C 

g. Wash twice in 0.2xSSC for 20 minutes at 65°C 

 
5. Antibody incubation 

a. Incubate sections in a freshly prepared MABT,  2 x 5 minutes at RT  

b. Incubate in blocking solution for 1 hour at RT 

c. Pre - incubate in αDIG-Antibody (1:2500) diluted in 5% HISS/MABT for 2 hours at 4°C 

d. Add 0.05% Tween 20 to the above described αDIG-Antibody solution 

e. pipette 150 µl per slide,  and cover with coverslips 

f. Incubate overnight in the dark humid box at 4°C (soak paper towels in H2O) 

 
6. Antibody detection 

a. Place slides in 5x SSC, then carefully remove the coverslips of the slides 

b. Wash in MABT for at least 3 x 5 minutes (longer washing steps increase the quality) 

c. Incubate in a freshly prepared ALP buffer for 10 minutes at RT 

d. Prepare staining solution directly before use: 200 ml ALP buffer with 70 µl NBT/BCIP (35 µl each)  
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e. Pour the staining solution into a cuvette then immerse the slides in it, then wrap the cuvette in 

Aluminum foil and place it on a shaker at RT and detect signal continuously 

 
7. Stopping 

a. Rinse slides in ALP buffer 

b. Wash in PBS, 2 x 5 minutes at RT 

c. Fix sections for 30 minutes in 4% PFA/PBS (the one from step 1 - m) at RT 

d. Wash in PBS, 2 x 5 minutes at RT 

e. Mount slides in Hydromatrix 
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APPENDIX L 

TRIZOL RNA isolation and RNA quality control 

MATERIAL  

Rnaase-free water Ambion 

Trizol Reagent Invitrogen  

Isopropyl alcohol #127682001, Carl Roth GmbH Germany 

 

TRIZOL RNA isolation protocol 

 
1. Always use gloves and eye protection. Avoid contact with skin or clothing. Use in a chemical hood. Avoid 

breathing vapor. 

2. Pulverize flash frozen calluses pestle and mortar under continuous cooling with liquid nitrogen. 

3. Transfer bounded material to a 2 ml Eppendorf tube. 

4. Add 1 ml of TRIZOL Reagent for each 200 mg tissue. 

5. Using a homogenizer (T10, Ultra Turax) homogenize in 15 seconds intervals while placed in ice. 

6. Add 0.2 ml of chloroform per 1 ml of TRIZOL Reagent. Cap sample tubes securely. Vortex samples 

vigorously for 15 seconds. 

7. Incubate the homogenized sample for 15 minutes at RT to permit the complete dissociation of nucleoprotein 

complexes. 

8. Centrifuge the samples at no more than 12,000 x g for 15 minutes at 2 to 8°C, to remove cell debris. 

9. Following centrifugation, the mixture separates into lower red, phenol-chloroform phase, an interphase, and a 

colorless upper aqueous phase. RNA remains exclusively in the aqueous phase. Transfer upper aqueous phase 

carefully without disturbing the interphase into fresh tube. Measure the volume of the aqueous phase. The 

volume of the aqueous phase is about 60% of the volume of TRIZOL Reagent used for homogenization. 

10. Add 200 µl of chloroform and 1 ml of TRIZOL and repeat steps 7-9. 

11. Add 500 µl of isopropyl alcohol per 1 ml of TRIZOL Reagent used for the initial homogenization to 

precipitate the RNA from the aqueous phase. Incubate samples at RT for 10 minutes. 

12. Centrifuge at not more than 12,000 x g for 10 minutes at 2 to 4oC. The RNA precipitate, often invisible after 

centrifugation, forms a gel-like pellet on the side and bottom of the tube. 

13. Remove the supernatant completely. Wash the RNA pellet once with 75% ethanol, adding at least 1 ml of 75% 

ethanol per 1 ml of TRIZOL Reagent used for the initial homogenization. Mix the samples by vortexing and 

centrifuge at no more than 7,500 x g for 5 minutes at 2 to 8oC. Repeat above washing procedure once. Remove 

all leftover ethanol. 

14. Dry RNA pellet either by air-drying or vacuum-drying for 5 - 10 minutes. It is important not to let the RNA 

pellet dry completely as this will greatly decrease its solubility. Partially dissolved RNA samples have an 

A260/A280 ratio < 1.6. Dissolve RNA in Rnase-free water by passing solution a few times through a pipette tip. 

15. Use a picodrop pipette tips and a 10 µl Gilson pipette to take 2 μl to measure OD at 260 nm and 280 nm to 

determine sample concentration and purity in a picodrop spectrophotometer. The A260/A280 ratio should be 

above 1.7, for µarray analysis RNA integrity in bioanalyzer should be above 6 RIN. 

16. Usually total RNA isolated by TRIZOL method needs to be further cleaned using DNAse I (Invitrogen Life 

Technologies) protocol. It is recommended to run the digest for all samples. 

17. Never use the columns to reconstitute RNA, instead re-clean RNA with the same TRIZOL protocol. 
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RNA samples concentration and quality as calculated by picodrop spectrophotometer: 
  

Animal Group Time-point RNA conc. ng/ µl Ratio A 260 / 280 
w227 Control D7 203.06 1.99 
w195 Control D7 232.67 1.84 
w194 Control D7 314.30 1.91 
w196 Control D7 346.72 1.76 
w228 Control D7 293.81 1.81 
w221 Control D10 611.51 1.83 
w178 Control D10 657.67 1.77 
w101 Control D10 671.68 2.03 
w176 Control D10 527.40 1.84 
w102 Control D10 640.02 1.75 
w175 Control D14 613.20 1.90 
w182 Control D14 670.41 1.98 
w183 Control D14 630.87 2.02 
w184 Control D14 612.40 1.84 
w181 Control D14 586.67 1.82 
w180 Control D21 666.42 1.84 
w179 Control D21 638.17 1.88 
w213 Control D21 625.71 1.86 
w214 Control D21 586.89 1.76 
w215 Control D21 539.40 1.82 
Nf79 Nf1Prx1 D7 356.22 1.83 
Nf80 Nf1Prx1 D7 412.36 1.81 
Nf81 Nf1Prx1 D7 272.90 1.79 
Nf82 Nf1Prx1 D7 316.51 1.75 
Nf83 Nf1Prx1 D7 368.17 1.83 
Nf39 Nf1Prx1 D10 667.83 1.81 
Nf43 Nf1Prx1 D10 667.50 1.79 
Nf44 Nf1Prx1 D10 612.34 1.91 
Nf62 Nf1Prx1 D10 652.55 1.78 
Nf70 Nf1Prx1 D10 513.59 1.82 
Nf16 Nf1Prx1 D14 641.32 1.86 
Nf17 Nf1Prx1 D14 655.68 1.89 
Nf26 Nf1Prx1 D14 622.52 1.76 
Nf27 Nf1Prx1 D14 571.12 2.01 
Nf30 Nf1Prx1 D14 678.83 1.94 
Nf15 Nf1Prx1 D21 620.23 1.83 
Nf59 Nf1Prx1 D21 635.97 1.86 
Nf60 Nf1Prx1 D21 513.77 1.72 
Nf65 Nf1Prx1 D21 707.82 1.77 
Nf66 Nf1Prx1 D7 672.83 1.81 
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APPENDIX M 

cDNA synthesis and qPCR protocol 

Reverse transcription protocol 

MATERIAL / REACTION  

iQ 4 µl 

iScript Reverse Transcriptase 1 µl 

Nuclease-free water X µl 

RNA template 1 µg Total RNA 

Total volume  20 µl 

 

Reaction Protocol: using an Eppendorf PCR, thermocycler incubate complete reaction mix 

5 minutes at 25°C 

30 minutes at 42°C 

5 minutes at 85ºC 

Hold at 4ºC (optional) 

 
List of utilized primers 
 

Targeted Gene Primer Primer sequence Length Efficiency 

COL10 
mCOL10a1(2) anti-sense 5' CCA TTg Agg CCC TTA gTT gC 3' 20 mer 

1.97 
mCOL10a1(2) sense 5' ggC Agg TCC AAg Agg TgA AC 3' 20 mer 

COL1 
mCOL1a1 anti-sense 5' gTT CCA ggC AAT CCA CgA g 3' 19 mer 

2.04 
mCOL1a1 sense 5' ggT CCA CAA ggT TTC CAA gg 3' 20 mer 

CYA 
mCYA anti-sense 5' CTg gCA CAT gAA TCC Tgg AA 3' 20 mer 

2.07 
mCYA sense 5' CCA CCg TgT TCT TCg ACA TC 3' 20 mer 

OPG 
mOPG anti-sense 5' CTg CTC TgT ggT gAg gTT Cg 3' 20 mer 

1.89 
mOPG sense 5' AgC TgC TgA AgC TgT ggA AA 3' 20 mer 

RANKL 
mRANKL anti-sense 5' CgA AAg CAA ATg TTg gCg TA 3' 20 mer 

1.90 
mRANKL sense 5' gCA CAC CTC ACC ATC AAT gC 3' 20 mer 

RUNX2 
mRUNX2 anti-sense 5' TgT CTg TgC CTT CTT ggT TCC  3' 21 mer 

1.97 
mRUNX2 sense 5' CgA AAT gCC TCC gCT gTT AT 3' 20 mer 

 

 

q-PCR amplification protocol 

MATERIAL / REACTION Final concentration 
iQ Supermix 1X 
Primer 1 100-500nm 
Primer 2 100-500nm 
Probe 100-500nm 
cDNA template  
H2O  
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APPENDIX N 

Database for annotation, visualization and integrated discovery 

(DAVID) v6.7 

Protocol, step-matching screenshots are added.  

1. Click on Start analysis 

2. Submit gene list or copy-past list /choose list type. 

3. Choose list type. 

4. Submit a gene list 

5. Choose Species 

6. Click on the functional annotation tool. 

7. In annotation summary results click clear all. 

8. Expand Gene ontology option and choose GOTERM with FAT options. 

9. Expand pathways and select Biocarta and KEGG. 

10. Proceed to Functional annotation clustering. 

11. Expand options to reach the parameter panel 

12. Customize as preferred (I selected fold change and increased stringency by lowering linkage threshold) 

13. To display genes in a cluster click the big red G letter. You can download annotation file (blue circle) 

14. Go back to the main page and click functional annotation chart. 

15. Click download file, this could be used for enrichment map in Cytoscape. 
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APPENDIX O 

Network analysis using enrichment map plug-in for cytoscape V2.8 

In this study, we used DAVID Enrichment Result File. Therefore, neither gmt files nor expression file are needed. 

However, one may add either files or both to the analysis. Beware that “DAVID Enrichment Result File” is a file 

generated by the “DAVID Functional Annotation Chart Report” (step 15 appendix L). Do not use the clustered report 

(step 14 of appendix L). Fields that is not presented by default could be added by expanding the option link (similar to 

step 11 in the previous protocol). The file must consist of the following fields: 

• Category (DAVID category, i.e. Interpret, sp_pir_keywords)  

• Term - gene set name 

• Count - number of genes associated with this gene set 

• Percentage (gene associated with this gene set/total number of query genes) 

• P-value - modified Fisher Exact P-value 

• Genes - the list of genes from your query set that are annotated to this gene set 

• List Total - number of genes in your query list mapped to any gene set in this ontology 

• Pop Hits - number of genes annotated to this gene set on the background list 

• Pop Total - number of genes on the background list mapped to any gene set in this ontology 

• Fold enrichment 

• Bonferroni 

• Benjamini 

• FDR 

• Then load your data and set parameters to start analysis, follow this basic protocol: 

• Open Cytoscape. 

• From the top menu, select Plugins/Enrichment Map/Load Enrichment Results. 

• Select the format of enrichment analysis results, Analysis Type: DAVID file. 

• Set the p-value and FDR (false discovery rate) parameters. The P-value cutoff and the FDR Q-value cutoff can 

be used to control the stringency of the analysis: only gene-sets with enrichment statistics satisfying these 

thresholds will be displayed by Enrichment Map. Example data: set the p-value cutoff to 0.001 and FDR cutoff 

to 0.05 (more stringent than defaults). 

• Select the similarity coefficient and its cutoff. Select the Jacquard Coefficient only if the gene-sets have 

comparable sizes (e.g. 200–300 genes). If Gene Ontology derived sets are present, select the Overlap 

Coefficient. The similarity coefficient cutoff should be tuned to optimize network connectivity. If many gene-

sets are disconnected, try decreasing the cutoff value. If biologically unrelated gene-sets are connected, or if 

the network is close to being fully connected, increase the cutoff value. 

• Example data: select the Overlap Coefficient; keep the default cutoff value of 0.5. 

• Generate the enrichment map by clicking on the Build button. A view of the network will be generated. 

• For more detailed refer to the online manual at (baderlab.org/Software/Enrichment Map). 
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APPENDIX P 

Aspiration of mesenchymal stroma cells from bone marrow and 

cultivation 

MATERIAL  
Cooled centrifuge Hettich, Rotofix 32 
DMEM medium  Dulbecco's Modified Eagle Medium, 41965-039, Gibco, Invitrogen 
FCS fetal calf serum, Biochrom, Berlin, Germany 
penicillin / streptomycin A2213, Biochrom, Berlin, Germany, Re-suspended 
CO2 incubators CB150, Binder GmbH, Germany 
PBS calcium / magnesium free, H15-002, PAA Laboratories, Austria 
Expansion Medium DMEM, 10% FCS and 1% penicillin / streptomycin 
Trypsin Trypsin, Sigma Aldrich – Mo, USA 
Cell Counter CASY Cell Counter (Model DT, sheep system) 

 

Protocol 

1. sacrifice mice by cervical dislocation 

2. Rinse mice skin thoroughly with 70% alcohol 

3. Make an incision near the ankle to insert sharp scissors and cut throughout skin reaching the hip 

4. Detach bones and free from muscle and immediately stored in sterile PBS with 1% penicillin/streptomycin 

5. Under the clean bench scrap muscle rests from the bone and cut both femoral ends 

6. Prepare two sterile pipette tips (25 µl and 10 µl) cut the upper third 

7. Place the cut 10 µl pipette tip in the 25 µl pipette tip placed in a 1.5 Eppendorf tube as a holder and close tight 

8. Centrifuge at 1500 rpm for 3 minutes to aspirate bone marrow 

9. Bones will look pale, remove holder construct under the clean bench 

10. Add 500 µl expansion medium 

11. Transfer to a 25 ml culture flask and add 2 ml expansion medium, more medium may cause shear stress and 

reduce cell survival, medium must only cover the surface to allow cells to attached to the plastic surface. 

12. Incubate in CO2 incubator at 37°C 

13. After 48 hours inspect cells under the microscope then wash with PBS and change media 

14. Regularly change media twice a week and clean with PBS once a week along with a medium change 

15. When cells are confluent either transfer them to a larger flask or split into another two of the same size 

16. To split confluent cells, wash with PBS and detach cells using trypsin (0.5 ml for the 25 ml flask), incubate for 

10 minutes at 37°C 

17. when cells are loose in the flask under the microscope stop trypsinization with expansion medium 

18. Measure cells size and count using cell counter. 
19. Nf1Prx1 mice cells were used directly after the first split (passage 1) to ensure the knockout stability.
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APPENDIX Q 

Osteogenic differentiation of MSCs 

MATERIAL  

Ascorbic acid phosphate A-8960, Sigma Aldrich GmbH, Steinheim, Germany 

β-glycerophosphate 35 675, Calbiochem, Darmstadt, Germany 

Dexamethasone water-soluble D2915, Sigma Aldrich GmbH, Steinheim, Germany 

MTS / phenazine methosulfate;  Cell Titer 96 ® Aqueous Cell Proliferation Assay, Promega, USA 

Alizarin red S stain 200 mg alizarin red S in 40 ml H2O solve, adjust to pH 4 

Cetylpyridinium chloride 10% cetylpyridinium chloride in H2O 

Pyrogallol P – 25489 Sigma Aldrich GmbH, Steinheim, Germany 

 

Protocol 

1. Prepare osteogenic differentiation medium (per ml expansion medium) 

2. 4 μl ascorbic acid phosphate 

3. 35 μl β-glycerophosphate 

4. 10 µl water-soluble Dexamethasone 

5. In a 24-well plate pipette 2.4 x 104 cells in a total volume of 400 µl/well, (use experimental triplicates) 

6. Incubate 48 hours before adding the differentiation medium (note: day one is when differentiation medium is 

added) 

7. Starting on day one change medium twice a week, always prepare fresh differentiation medium 

8. At days 3, 7,10 16 and 21 test cell viability using MTS test 

 

MTS test Protocol: 

1. Decant medium from wells and pipette 400 µl MTS/PMS per well 

2. Incubate in CO2/ 37°C incubator for 2 hours 

3. Take three aliquots of each well to three wells of 96-well plate and measure at 490 nm 

4. At D10 and D14 stain to test differentiation, use quantitatively Alizarin Red S; qualitatively Von Kossa stain 

 

Von Kossa staining protocol: 

1. Decant medium from wells and wash with 500 μl PBS per well 2 x 3 minutes 

2. Fix 20 minutes with 4°C cold absolute Ethanol 

3. Stain with 5% AgNO3 solution for 60 in the dark 

4. Wash 3x with ddH2O, then incubate in 1% pyrogallol for 3 minutes 

5. Wash 3x with ddH2O, then incubate in 5% sodium thiosulfate for 5 minutes 

6. Counter stain with 500 µl nucleus in fast red for 10 minutes 

7. Wash 3x with ddH2O and evaluate visually under the microscope 
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APPENDIX R 

Mechanical testing of mice femur 

Electro Force ® test bench instrument (company Bose) was used. The instrument provides multiple channel testing (PCI 

controller to eight channels) where tow test axes could be simultaneously operated. In this experiment one testing axis 

was used to provide a uni-axial strain), and four channel testing were applied (disciples suppression, torque, axial load, 

torsion) 

Protocol: 

1. The femurs were dissected from mice wrapped in gauze and stored in Falcon tubes at -20°C 

2. Before testing, the bones were slowly thawed at RT for at least 30 minutes 

3. Make sure that samples are repeatedly sprayed with 0.9% sodium chloride solution to keep moist, and then test 

immediately, never re-freeze and thaw 

4.  If necessary, remove any remaining soft tissue 

5. Prepare and clean the in front of a polyoxymethylene (POM) casting pots thoroughly 

6. Fix the thawed femora using a clamp with the femoral head free and facing downwards 

7. Use optical positioning laser or an angle frame to make a visual inspection; this is important to ensure that the 

sample is aligned appendicular with the casting pot 

8. Sink the femur head into the empty casting pot (about one-fifth of total length) 

9. Under the fume hood, prepare 5 ml PMMA in a plastic cup. (Use methyl Methacrylate powder in the ratio 3:1 

to the Universal liquid, steer with a polytetrafluoroethylene (PTFE) rod. The high powder content prevents 

swelling and facilitates solidifying 

10.  Embed the femur head in the casting pot using with (PMMA), pour the viscous solution quickly to ensure cast 

homogeneity. 

11. When pouring make sure that the lower part of the bone is surrounded with PMMA and fill the casting pot to 

the edge 

12. The solution will harden in about 10 minutes 

13. Fix another casting pot to the one filled and holding the bone. The distance between the pots is already 

predetermined through the length of the bolted metal bar used as a spacer 

14.  Repeat steps 7 - 12 to cast the other femur end. Use a syringe to fill the second pot; this will overcome the 

small gap problem 

 

Testing procedure: 

1. Warm up the machine by turning it on at least 15 minutes before the first test 

2. Fill in a procedure form immediately before each test 

3. The values of the sensors before each testing should be put to zero i.e., tarred (axial force, torque, angular, 

axial suppression) 

4. Release the brake 

5. Note that small fluctuations of the measured stress, force and torque (between 0. 01 – 0. 3 N/mm°) could not 

be excluded due to inhomogeneous temperature fluctuations as well as friction in releasing and setting the 

brake 

6. Fix the embedded sample while keeping the holding metal bar on the casting pots. Set the construct with femur 

head upwards and facing left 

7. Remove the metal bar and perform the test 
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Listing of all materials used in this thesis 

Table 5 List of antibodies 

Antibody Company  

ABC - AP Kit Biotinylated universal Antibody - Alkaline phosphatase, AK 5200, Vectastatin ABC 

Kit, Vector Laboratories - CA, USA 

AP-substrate Alkaline phosphatase substrate kit, SK 5100, Vector Laboratories – CA, USA 

DAPI  ab104140 dilution 1:300 (blue) Abcam, Germany 

Desmin  Primary antibody, rat monoclonal, CM036 Biocare Medical –CA, USA 

Factor VIII (1:200) Primary antibody, rabbit polyclonal, CP039 Biocare Medical –CA, USA 

Factor VIII secondary antibody Anti rabbit IgG (made in goat, BA 1000, Vector Laboratories) 

Myosin (1:1000) Primary antibody F59; BSHB biozol, Germany 

Myosin secondary antibody  Goat anti Mice – Red Alexa fluro 564 (red), Invitrogen, Germany 

Osteocalcin (1:4000) / TBS Primary antibody mice; PAB, ALX210 333, Enzo life sciences – UK 

Osteocalcin secondary antibody  Anti rabbit IgG (made in goat, BA 1000, Vector Laboratories) 

SMA1 (1:200) Primary antibody AB5694 – Abcam, Germany 

SMA1 secondary antibody  Goat anti Rabbit- Alexa fluro 488 (green), Invitrogen, Germany 

Table 6 List of buffers 

Buffer Recipe / Company 
Chromogen buffer DAB Chromogen Kit BDB2004 
Citrate Buffer 10 mM Citric Acid, 0.05% Tween 20, pH 6.0 
iQ SYBR Green Supermix BioRad 170-8882 – Paris, France 
Normal serum Normal goat serum, Vector Laboratories – CA, USA 

PBS pH 7.2, Waldeck GmbH & Co. KG Division Chroma ®, Muenster, Germany 
TBS Trizma ® Base, T1503, Sigma Aldrich GmbH, Steinheim, Germany – Mo, USA, 

NaCl, Merck - Darmstadt, Germany, Trizma ® hydrochloride, reagent grade T3253, 
Sigma Aldrich GmbH, Steinheim, Germany 

Table 7 List of chemicals 

Chemical  Company 
Acetone 3221, Sigma Aldrich GmbH, Steinheim, Germany 
Buprenorphine Temgesic ®, 1 mg / kg body weight, Reckitt Benckiser Healthcare Ltd. UK 
Expanding fluid Six parts 70% alcohol and four parts butoxyethylacetate, Kisol Film, Kettenbach, 

Eschenburg / Eibershausen Germany 
Isoflurane Isotec 4, Groppler medical, Deggendorf, Germany 
Lubricant fluid Alcohol 5% Triton X solution, Triton X-100, Sigma Aldrich GmbH, Steinheim, 

Germany 
n-Hexane 95% Carl Roth GmbH Germany 
PFA Para formaldehyde, Merck, Darmstadt, Germany 
Trizol Invitrogen life technologies, Germany 
FCS fetal calf serum, Biochrom, Berlin, Germany 
penicillin / streptomycin A2213, Re-suspended Biochrom, Berlin, Germany 
DMEM medium  Dulbecco's Modified Eagle Medium, 41965-039, Gibco, Invitrogen 
Ascorbic Acid Phosphate A-8960, Sigma Aldrich GmbH, Steinheim, Germany 
β-glycerophosphate 35 675, Calbiochem, Darmstadt, Germany 
Dexamethasone water-soluble D2915, Sigma Aldrich GmbH, Steinheim, Germany 
Gallocyanin  1A486, Chroma ®, Muenster, Germany 
Chrome alum  Fluka 60152 (potassium sulfate), Hamburg, Germany 
Chromotrop 2 R Fluka 27140, Hamburg, Germany 
Aniline blue 1A-476, Chroma ®, Muenster, Germany  
MTS / phenazine methosulfate;  Cell Titer 96 ® Aqueous Cell Proliferation Assay, Promega, USA 
Alizarin red S stain 200 mg alizarin red S in 40 ml H2O solve, adjust to pH 4 
Cetylpyridinium chloride 10% cetylpyridinium chloride in H2O 
Pyrogallol P – 25489 Sigma Aldrich GmbH, Steinheim, Germany 
PMS-Orange-G 2 g in 100 ml ddH2O, O-3756 Sigma Aldrich GmbH, Steinheim, Germany 
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Light green 1-2 g in 1l ddH2O, 1B211, Chroma ®, Muenster, Germany  
Weigert's iron hematoxylin Solution A: 2E032, Chroma ®, Muenster, Germany, Solution B: 2E052, Chroma ®, 

Muenster, Germany  
Ponceau acid -Fuchsine Ready to use solution, 1A-504, Chroma ®, Muenster, Germany  

Table 8 List of enzymes 

Enzyme Producer  
DNAse I Invitrogen Life Technologies, Germany 
Hyaluronidase Hyaluronidase type II, H2126, Sigma Aldrich – Mo, USA 
iScript™cDNA Synthesis Kit BioRad 170-8891, Paris, France 
Pepsin Pepsin A, P-7012, Sigma Aldrich GmbH, Steinheim, Germany 
Trypsin Trypsin T1426, Sigma Aldrich GmbH, Steinheim, Germany 
Taq polymerase BioTherm (Natutec) or CombiZyme (4 U/µl, Invitek GmbH) 

Table 9 List of equipment 

Equipment Manufacturer 
Autoclave  Tuttnauer system, Launsbach, Germany 
Balances Sartorius, Gottingen , Germany 
Cold centrifuge 302K - Sigma Aldrich – Mo, USA 
Cooling plate Leica EG1130. Leica Microsystems, Nussloch GmbH, Germany 
Deep Freezer  –80 ºC  Lozone, Germany 
Dehydration machine  Leica TP1020, Leica Microsystems, Nussloch GmbH, Germany 
Dry oven Memmert, Germany 
Electrophoresis chamber Bio-RAD, Paris France 
Electrophoresis power supply Bio-RAD, Paris France 
Embedding cassette Sanowa, Glues, Germany 
Embedding medium Paraplast Plus tissue, Tyco Healthcare - TX, USA 
Embedding tank Paraffin Leica EG1120, Leica Microsystems, Nussloch GmbH, Germany 
Hard tissue microtome Police S, Cambridge Instruments, Heidelberg Germany 
Homogenizer T10, Ultraturrax – Staufen, Germany 
Ice machine ZIEGRA – Hannover, Germany 
iCycler PCR Bio-Rad – Paris, France 
Incubator  JURGENS – Hannover, Germany 
Lab centrifuge 5415C Eppendorf – Hamburg, Germany 
Light microscope Axioskop 40, Carl Zeiss Micro Imaging GmbH, Gottingen  Germany 
Magnetic stirrer Heidolph, Schwabach, Germany 
Micro centrifuge Eppendorf – Hamburg, Germany 
Micro grinding system Phoenix 3000, Jean Wirtz GmbH & Co KG, Düsseldorf, Germany 
Microscope   Zeiss - Gottingen , Germany 
Microwave Severin - Sundern, Germany 
pH meter HANNA - Kehl am Rheine, Germany 
Picodrop Biozym, Oldendorf, Germany 
Pipette  Gilson - France, Eppendorf - Germany  
Refrigerator 4 ºC Liebherr – Bulle, Germany 
Rinsed water station Millipore - Molsheim, France 
Rotary microtome RM 2055, Leica Microsystems, Nussloch GmbH, Germany 
Spectrophotometer Eppendorf – Hamburg, Germany 
Thermo-cycler PCR Biometra – Gottingen, Germany® 
Thermostat shaker Heidolph Unimax 1010 
Torsional  testing  Electro Force 3200, BOSE, USA 
µCT Viva 40 micro-CT, Scanco Medical AG®, Switzerland, 70 KVp, 114 µA 
Vacuum pump (~100 mbar) ABM – Marktredwitz, Germany 
Vacuum resistant container  Duran - Wertheim, German 
Vortex Heidolph - Schwabach, Germany 
Water bath Leica HI1210, Leica Microsystems, Nussloch GmbH Germany 
Water bath GFL® - Hannover, Germany 
X-ray machine SATELEC X-MIND ® AC, Cabbage Schein Dental, Altenburg, Germany  
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Disposable wares:  
2 ml micro tube-centrifuge Eppendorf - Hamburg, Germany 
1.5 ml and 2 ml Eppendorf-caps Eppendorf - Hamburg, Germany 
Petri dishes BioLab – Munich, Germany 
Pipette tips Gilson - France, Eppendorf - Hamburg, Germany 
Pipette tips for picodrop UVpette tip, Biozym, Oldendorf, Germany 
25, 75, and 125 ml culture flask BioLab – Munich, Germany 
96 well plates BioLab – Munich, Germany 
24-well culture plates BioLab – Munich, Germany 
Slides  Marienfeld Laboratory Glassware, Lauda-Koenigshofen, Germany 
X-ray films Kodak DF58, 3 X 4 cm, Roos Dental, Monchengladbach, Germany 
Filter paper Schleicher & Schuell – Dassel, Germany 
Parafilm NESCO film – Jena, Germany 
Spinal needle Thermo spinal needle 22 G, 0.72 x 0.90 mm, Terumo Europe NV, Leuven, Belgium 
Sterilization filter  MILLEX®-GS 0.22 µM - Molsheim, France 
Surgical suture  Ethicon, PROLENE 5.0 Metric – Norderstedt, Germany 
Syringe needle Micro-lance 3G, 0.55 X 25 mm, BD Drogheda, Ireland 
Scalpel blade AESCULAB® No. 11 – Tuttlingen, Germany 
Silicon carbide papers Buehler GmbH, Düsseldorf, Germany 
Braunoderm Polividon-Iodine, B. Braun Melsungen AG, Melsungen, Germany 

Table 10 List of software 

Software Developer 
3D reconstruction Scanco® software, Switzerland 
Adobe Photoshop SC3 Adobe Systems GmbH, Munich, Germany 
Imaging software AxioVision Carl Zeiss Micro Imaging GmbH, Gottingen  Germany 
qPCR software iQ5 optical software V 2.0 BioRad, France 
RUN software Run KS 400, version 3.0, Carl Zeiss Vision GmbH Eching Germany 
PASW 18.1  SPSS Inc., USA 
Cytoscape  2.8.2 Donnelly Center Toronto Canada 
Enrichment Map plug in Bader Laboratory at the Donnelly Center Toronto Canada 
Picodrop Software 2.06  Biozym, Oldendorf, Germany 
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Figure 39: Testing microarray quality is crucial for the outcome reliability. Methodological repeats are 
tested against each other to reveal differences; plots of fold change to the P-value gives an overview of 
significant genes with preset fold change (A) Correlation heatmap for all pair-wise comparisons of the data 
sets. Array control D7 repetition 1 is top left, Array Nf1Prx1 D21 repetition 3 is at the bottom right. (B) 
Volcano plots of the gene expression fold changes based on normalized RPKM-values (x-axis) and the 
(Benjamini-Hochberg) corrected p-values (y-axis). Plots depict a direct comparison between Group I 
(control mice) and Group II (Nf1Prx1 mice) at the indicated time-points. The horizontal line represents the 
corrected p-value cut-off of p < 0.01 and a threshold of absolute fold change > 2. 
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ABBREVIATIONS LIST 

Table 11 List shows abbreviations used in the present study and what they stand for. 

Abbreviation Term 
[%] Percent 
°C Degree Celsius 
µArray  Micro array 
µct Micro-computed tomography 
µg  Microgram 
µl Microliter 
3D Three dimensional 
Acot8 Acyl-CoA thioesterase 8 
Actc1 Cardiac alpha 1 actin 
Actn2 Actin alpha 2 
Actn3 Actin-alpha-3 
Adig Adipogenin 
Adipoq Adiponecitin 
AP/ ALP Alkaline phosphatase  
aSMA Alpha smooth muscle actin 
B2m Beta-2 microglobulin 
BMD Bone mineral density 
Bmp1 Bone morphogenetic protein 1  
BMU Basic multicellular unit 
bp Base pair 
BV Bone volume 
cAMP Cyclic adenosine monophosphate  
Camp Cathelicidin 
Capzb F-actin-capping protein 
Cbfb Core-binding factor, beta subunit 
CD Cluster of differentiation 
Ces3 Carboxylesterase-3 
Cfd Fat cell specific transcripts: complement factor d (Adipsin) 
c-Fos Fbj murine osteosarcoma viral oncogene homolog 
Chst1 Keratan sulfate gal-6 sulfotransferase 
cm3 Centimeter cubed 
c-Myc Cellular myelocytomatosis oncogene 
CO2 Carbon dioxide 
Col I Type-I Collagen 
Col II Type- II Collagen 
Col III Type-III Collagen 
Col IV Type-IV Collagen 
Col VI Type-VI Collagen 
Col X Type-X Collagen 
Col XII Type-XII Collagen 
Col XVII Type-XVII Collagen 
Cre Type I topoisomerase from p1 bacteriophage 
CREB Camp response element-binding protein 
cRNA Complementary Ribonucleic acid 
Ctse Cathepsin e 
Ctsg Cathepsin g 
D Day 
DAVID Database for Annotation, Visualization, and Integrated Discovery 
Des Desmin 
Dkk3 Dickkopf-related protein 3  
Dlx3 Distal-less homeobox 3 
DNA Deoxyribonucleic acid 
Dnase I Deoxyribonucleic type 1 
E. coli Escherichia coli 
ECM Extracellular matrix 
ECs Endothelial cells 
EDTA Ethylenediaminetetraacetic acid 
EMT Endothelial to mesenchymal transformation or transition 
ERK Extracellular-signal-regulated kinase 
Fcnb Ficolin b 
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Fmod Fibromodulin 
FOP Fibrodysplasia Ossificans Progressiva 
Fsl1 Folistatin-like I 
G Gauge 
Go  Gene Ontology 
HA Hydroxyapatite 
HSC Hematopoietic stem cell 
Ig Immunoglobulin  
IL-1 Interleukin-1 
IL-6 Interleukin-6 
Kg Kilogram 
Lcn2 Lipocalin-2 
LOH Loss of heterozygocity 
Lyz2 Lysozyme-2  
MAPK Mitogen-activated protein kinase 
MEK Dual-specificity protein kinase 
mg Milligram 
Mgp Matrix Gla protein 
ml Milliliter 
mm Millimeter 
mm2 Square millimeter 
Mmp1a Matrix metalloproteinase 1 
Mmp2 Matrix metalloproteinase 2 
MPNST Malignant peripheral nerve sheath tumors  
Mpo Myeloperoxidase  
mRNA Messenger Ribonucleic acid 
MSC Mesenchymal stromal cell 
M-scf Mice stroma cell factor 
MTS 3-(4, 5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2h-tetrazolium  
Myh4 Myosin heavy chain 4 
Myh8 Myosin heavy chain 8 
Myl Myosin light chain 
Myom1 Myomesin gene 
N Number of samples 
Nf1 Neurofibromatosis type 1 (gene) 
NF1 Neurofibromatosis type 1 (disease) 
Nf1Prx1 Nf1 flox prx1 cre 
NFAT Nuclear factor of activated t cells 
NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells  
ng  Nanogram 
Nrap Nebulin-related-anchoring protein 
Ogn Osteoglycin 
Opg Osteoprotegerin 
Opn Osteopontin  
Ops Ossified regions at the periosteal bone surface 
Osterix A zinc finger-containing transcription factor 
Oxct1 3-oxoacid coa transferase 1 
P1 Bacteriophage 1 
PBS Phosphate buffer saline 
PCR Polymerase chain reaction 
PFA Para formaldehyde solution 
PFA Para formaldehyde 
PMMA Polymethyl methacrylate 
PMS Phenazine methosulfate 
Prg2 Proteoglycan-2  
Primer P 
Prx1 Homeobox transcription factor 
Ptn Pleiotrophin 
qPCR Qualitative polymerase chain reaction 
RANK Receptor activator of nuclear factor kappa b 
RANKL Receptor activator of nuclear factor kappa b ligand 
Ras Rat sarcoma 
Ras-GDP Rat sarcoma-oncogene - Guanosine Diphosphate 
Ras-GTP Rat sarcoma-oncogene - Guanosine Triphosphate 
rhBMP-2 Recombinant human bone morphology protein 2 
RNA Ribonucleic acid 
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ROI Region of Interest 
RPKM Reads per Kilo base of exon model per Million mapped reads 
RT Room temperature 
Runx2 Runt-related transcription factor 2 
Scd1 Stearoyl-coenzyme a desaturase 1 
SH Src homology  
SO Nucleotide exchange factor son of sevenless homolog 1 
TBS Tris Buffered saline 
Tcap Titin-cap 
TCg Cartilage tissue 
Tgfbr2 Tgf-β receptor 2  
TGF-β Transforming growth factor 
Thy-1 Thymocyte-1  
TMD Tissue mineral density 
TNF Tumor necrosis factor 
Tnnc1 Troponin c type 1 
TRAF Tumor necrosis factor receptor associated factor 
TRAP Tartrate resistant acid phosphatase 
TV Total volume 
VCAM-1 Vascular cell adhesion molecule 1 
VOI Volume of interest 
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